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ABSTRACTS

ABSTRACTS LISTED BY NUMBER IN THE PROGRAM |}

Studies of Martensitic Transformations in the Last Forty Years
Ken'ichi Shimizu

The suthor has studied the martensitic transformations and related phenomensa,
such as shape memory and superelasticity effects, in various ferrous and non-
ferrous alloys for 41 years after graduation from a university in 1951. Main
research results obtained by his group in the recent 41 years are introduced re-
ferring to those by other researchers, and unsolved problems sre discussed.
Then, future research subjects and thelr solvable techniques are surveyed with a
little dogmatic view.

Views from Physics on Martensitic Transformations
James A. Krumhans! and Gerhard R. Barsch

A number of new experimental and theoretical advarces in both msterisls science and physics have been
applied 1 the study of displactve phase wansformatons. Among the experimental echniques there have
been great advances in electron imaging and diffraction, in precision x-ray and neutron diffrsction, in
inelastic neutron scatering, and in mawrials prepamton and contol. In condensed mater physics atention
has toned away from energy band and lattice detnils © more genersl giobal metods: renormalizetion
group and mappings, methods for mandom and amorphous sysems, te use of pheromenological
{Landan-Ginzbury} free energies, intrinsically nonlinear theoretical methods, and widespresd developments
in compuer simulation. Together these experimental and Georetical sdvances have given us much more
information about marensitc materials tan was avafiable ot e time of the formulation of much of the
trdftional methodoiogy of the description of merensitc tansformations, in many ceses supplementing but
in others calling for revisions or additions.In this review wik we discuss: 1) Lattice correspondences in
sysems vhere both xray and neutron diffraction det are available. There ar three subclasses of maeriaks-
strongly marensitc dominaed by elastic instabilities, fnermediate marensities where both lattice strains
and shuffles are insepanably operable, and marensitic transformations where shuffles dominae. 2) We
address the physics of 'mesoscopic’ behavior-at the 10-1000 nanometer scale- characweristic of twinning
patemns and habit plare stroctures. The rew approach used s © employ nonlinear, nonlocal (strain
gradieny) contiunuum mechanics; ve show how vpological sotitary excitations may be used es a basis {or
constructing phenomenciogical free energies. We compare this approsch with elastic continoum methods fn
dislocation theory. 3) We discuss & number of special applications in the conext of tese approsches,
incloding tweed, precursors, the effect of composition variations, and defect induced nucleation. Suppored
by the U.S. Department of Energy, Grants DE-PG02-88ER45364 and DE-FC02-85ER45214.

Polydomain Phases in Martensitic Transformations
Alexander L. Roytburd

The discovery of polydomain phases has been one of the fundamental results of the experimental
and theoretical studies of martensitic transformation. These phases consist of the alternation
of domains: twins of a product phase or layers of different product phases. Elastic interactions
between domains lead to the formation of an equilibrium polydomain structure corresponding to
the free energy minimum. Thus, these domains have been named “elastic domains™. The elastic
domains form the polydomain phase whose average properties {e.g. a self-strain) are dependent
on its domain structure. Hence, parameters of the cfomajn structure are the additional degrees
of freedom of 2 polydomain phase. This fact considerably determines the properties o%rthe
polydomain phase, as well as the thermodynamics and kineties of a phase transformation with
its participant. The thermodynamic aspects of polydomain phases are considered using a
tetragonal-orthorhombic phase transformation as an example.
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Atomistic Modeling of Ni-Ti
Hermann J.P. van Midden

The shape memory properties of NiTi alloys are well known to be influenced by lattice
defects such as point defects, dislocations interfaces etc. In order to study the transformati-
on mechanism and the way it is influenced by these defects an atomistic model is being
developed. In this model an semi-empirical many body interatomic potential (Finnis-
Sinclair, EAM theory) defines the material at an atomic level, The potentials are determi-
ned so as to fit several experimental quantities. A large variety of properties can be
calculated from these potentials and compared with measured quantities, thus guaranteing
an adequate description of the material. Numerical simulations, such as Minimum energy
calculations and Molecular dynamics simulations can give detailed information about defect
structures, structural transformations and the dynamical developement of the atomic system,

The paper will discuss the application of atomistic modeiling to the NiTi, the procedure of
determining the potentials and the first results of the simulations.

Topological Soliton Models for Interfaces in Proper Ferroelastic
Martensites
Gerhard R. Barsch, W. Cao, A. Saxena and James A. Krumhansl

Coherent interfaces and modulated structures in martensites without shuffle displacements may be
described in terms of quasi-1D soliton solutions obtained from a Landau-Ginzburg free energy functional for a
fully 3D noslinear, nonlocal anisotropic elastic continuum. This approach is illustrated for (110) twin
boundaries, twin bands and pretransformation structura! modulations in proper ferroelastic martensites
undergoing a cubic - tetragonal (Op-Dgh) transformation. With model parameters obtained from
experimental elastic constant, x-ray lattice parameter and phonon dispersion data the theory has been
applied numerically to In1.xTlx and Fe1.xPdx alloys. Starting from a very small (large) value at the
transition temperature, the twin boundary energy (width) increases (decreases) strongly with decreasing
temperature in the tetragonal phase of these two materials, respectively. The relevance of this approach
and of these results for the martensite nucleation mechanism are discussed.

Theory for the Microstructure of Martensite and Applications
John M. Ball and Richard D. James

We present recent results on a new theory for the microstructure of martensite developed by
the authors. The theory is capable of predicting the detailed pattems of microstructure that result from
a martensitic transformation as well as the behavior of a martensitic crystal subject to applied loads
and displacements. The crystallographic theory of martensite follows from the theory as a special
case. A consequence of the theory is the extreme sensitivity of the patterns of microstructure to the
precise lattice parameters, which has been explored by Bhattacharya for wedge-like microstructures
appearing in shape-memory materials. We present recent predictions that relate to the deformations
possible by rearranging variants and compare with experiment. Our approach is related to a theory of
Khachattt,xryan. Roitburd and Shatalov. We explain the similarities and differences between the two
approaches.

Surface Energy and Microstructure
Robert V. Kohn and Stefan Muller
Martensitic phase transitions lead (10 microstructures with rather special fine scale structures. Bulk
energy considerations can predict gross features such as the directions of the twin planes. However, they
are unable to predict finer details such as the length scalc on which twinning occurs. Such details are gen-
erally explained by the inclusion of surface energy. A standard approach is to minimize the sum of bulk
and surface energy within a restricted class of "twinned”™ configurations. This leads to the conclusion that
the twin width w and the twin length [ should satisfy w=¢'/21'"2, where € is a constant with the dimen-
sions of length. While this seems 1o be the rule, a different structure is sometimes observed, for exampic
in Indium Thallium. It involves a coarsening of the twins away from the austenite-twinned martensite
interface.

We have developed 2 new theoretical approach to this problem, based on a strain gradient model for
the inclusion of surface encrgy. Our analysis differs from prior ones in that it permits configurations
which are not “one dimensional” 10 compete in the minimization. We find that the global minimum of
energy can be cither “one-dimensional™ or "branched,” depending on the relative values of the elastic
moduli in the austenite and martensite phascs. The sitvation is quite analogous ta the structure of mag.
netic domains ncar the boundary of a fcrromagnetic matenial, a problem that was studied some time ago
by Lifshitz. 42




9.

10.

11.

Computational Resuits for Martensitic Twinning

Mirtchell Luskin and C. Collins

We present computational resulls for manensitic fine scale twinning and the austeniticmantensitic
interface. We approximate a continuum model for InT1 developed by Ericksen and James by the
finite element method, and we utilize a variant of the conjugate gradient algorithm to compute
minimum energy configurations.. Our simulations have obtained twinning an the scale of the
computational mesh for arbitrary orientations of the computational mesh with respect to the twin
planes and the austentic-martensitic interface. Qur computations show the path of our algorithmi to a
local minimum of the bulk energy  The microstructure organizes itself so that the energy density is
small in disjoint regions. As these regions coalesce or approach the boundary, a microstructure that
is compatible with the applied loads is chosen throughout the entire crystal.

Total Energy Calculations for Structural Phase Transformations
KM.Ho,YY. Ye, Che-Ting Chan and Bruce N. Harmon

Advances in modemn supercomputers and calculational techniques have made it possible to obtain
accurate values for the energies of crystalline structures by performing first principles electronic
structure calculations. These calculations have been used to obtain detailed information in the energy
and the microscopic forces that arise as atoms are collectively displaced from onc crystailine structure
to another. Such results are useful in determining the path and energy barriers for manensitic phase
transformations and in estimating the energy of the parent-martensite interface.

Electronic Structure Calculations of Martensitic Transformations in Ti-
Alloys
Patrick Slavenburg and J .E. Inglesfield

Bandstructure calculations, which have been performed within our group for many years on
complex systems, have recently been applied to a number of binary Ti-based alloys , impor-
tant as memory alloys. The systems which have been looked at are: Ti-Fe,Co,Ni,Pd,Rh,Pt,Au.
Calculations have been done, using diflerent programs as ASW ( Augmented Sperical Wave
Method) and the LAPW ( Linearised Augmented Plane Wave Method). Each methods has
different strengths and weaknesses, though the full potential version of the LAPW is considered
to give the most precise basis-set, to date.

We have calculated the bandstructures, density of states and charge densties of the cubic as
well as the orthorombic structure, { martensite or close to martensite).

The martensitic transformation in these alloys must be driven by a lower energy of the low
temperature martensitic phase. We are currently investigating how far this is due to a differ-
ence in bonding energy ( i.e. the sum of the one-clectron energies). With this work, we hope
to make contact to the work of Pettifor. The instability of the high temperature phase may be
connected with a high peak at the density of states as suggested by others before. There may
also be Charge Density Wave effects due to flattened pieces at the Fermi surface. Furthermore,
we try to make a link to the beta-phase Hume Rothery alloys, which, in many cases exhibit
almost the same macrosc‘opic features as the Tialloys,

The Origin of Pre-Transitional Effects in Alloys With w-Transformation
David A. Vul

The theory of the f-to- w displacive transformation and the elastic diffuse scattering anomalies
above the transition temperature is presented. The phase diagram for this type of transformation is
constructed. It is shown that the diffraction anomalies are the result of scattering on an oscillating
component of static displacements around interstitial impurities ( O,N.C ). The oscillations arise
due to a dip in the longitudinal phonon mode L{111] at the position 2/3(111) and have the same
wave vector. The B-to-w transition is found to be a point of local instability of the bee lattice
around these impurities.
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12. On the Constitutive Relations for § to o Martensitic Transformation
Plasticity in Plutonium Alloys
Paul H. Adler and Gregory B. Olson

A constitutive model for transformation plasticity based on isothermal
martensitic kinetics is applied to the §-a transformation in Pu alloys. Ttre
model is in good agreement with available data for 8§—3a transformatien
plasticity behavicr of PuGa alloys in uniaxial compression as a function of
composition, temperature and strain rate.

13.  Microstructural Changes Occurring During Ageing of the Thermoelastic

Martensite of y-Quenched U-6 wt.% Nb Alloy Below 450 C
G. Beverini and David V. Edmonds

The chemical and morphological changes occurring during ageing U-6.0wt.% Nb have been
studied using Atom Probe field Ion Microscopy (APFIM), Position Sensitive Atom Probe (FoSAF)
analysis and Transmission Electron Microscopy (TEM). Statistical analysis of APFIM data has
shown that phase separation occurs during ageing this alloy below 450 *C in & manner consistent
with spinodal decomposition. Various PoSAP data representation techniques support this result since
the solute atoms form a percolated (sponge-like) structure. However, TEM observations of the aged
material revealed a complex microstructure which could not result sclely from spincdal
decomposition. It is believed that an isothermal martensitic transformation occurs at some point
during the spinodal process as a result of solute depletion of the matrix. The martensitic
transformation believed to occur isothermally is the same transformation responsible for the formation
of the thermoelastic martensite encountered in water quenched U-6Nb, however, during ageing this
transformation is restricted in the spinodally decomposed parent phase and therefore the resultant
microstructure of the aged alloy is drastically different to that of the water quenched alloy. A
mechanism is proposed td explain the concurrent occurrence of spinodal decomposition and
martensitic transformation which could account for the large strength increments observed when
ma:rial is aged below 450 °C.

11.  On the Martensitic Transformation in a Dual Phase o/} Cu-Zn Alloy
YF. Hsu, WH. Wang and C. Marvin Wayman

Martensitic transformation in a Cu-38.5w1% Zn alloy containing 15% volume fraction of &
particles has been studied. The crystal structire and characteristic of the martensitic
transformation of dual phase o//8 CuZn alloy are similar to those for single phase alloy.
The martesite formed upon subcooling posses MIR LPSO structure with internal stacking
faults on the (001) basal plane. Most of the soft  particles are deformed by slip, in
order to accommodate the shape strain accompanied during the martensitic transformation.
Besides, deformation twin, an unusual deformation mode in fcc structure, has been found
in some of particles.

15.  9R Martensite in the TiPd-Fe Alloys
Kazuyuki Enami and Y. Nakagawa

In the TiPd atlloys around equiatemic composition range, it was reported in the
previous papers that the 9R martensite(M) phase appears besides the ordinary 2H
(D019)M phase when palladium is substituted by 3d elements other than nickel.
In the present experiment the crystal structure, internal structure and mor-
phology of 9RM phase of the TiPd-Fe alloys were investigated by using electron
microscopy and X-ray analysis. It was found that the 9RM phase begins to ap-
pear when the iron content is higher than 6.3atX in the alloys 50Ti-{50-x)Pd-
xFe.In the alloys x=6.3 to 8.0, the 9RM nhase has a movoclinic structure and
the monoclinicity increases with increasing iron content. The internal struc-
ture of the 9RM phase is found to be {114} twin which corresponds to {128} twin
in the 18RM phase in the Cu-Al base alloys. Besides this the basal plane (001)
tnin was found to exist due to the monoclinmicity of the crystal symsetry.

Quite unique features of the manner of coexistence of 9R and 2H M phases have
been found. 1In the present alloys, it was frequently observed that the both
the phases were involved in a variant crystal, that is, thoy make ” two-in-one”
morphology of the two M phases. There are two types of such morphology. First
9RM crystal is sandwiched by 2HM crystals or vice versa in a variant. The
second, the 9R and 2H M crystals join together on the common ~twimning” plane
(111)2H/(114)9R, that is 9R and 2H M phases becowe twin-related with each other
in a variant. These results are well explained when considering the similarity
of the atomic arrangements of the facet or twinning planes of both phases.

44

W ——— S—— e T




I
"
N
N
N 17.
N
i
. 18.
i
!
'
'
'
'
'
'
i
|

Transmission Electron Microscope Investigations of 9R Martensite
Formation in Copper Precipitates in Thermally Aged Iron-Copper Alloys
Peter J. Othen, M.L. Jenkins and G D.W. Smith

Conventional transmission electron microscopy ( CTEM ) and high resolution electron
microscopy ( HREM } experiments have been carried out on thermally aged Fe 1.30 wt.% Cu and
Fe 1.28 wt.% Cu 1.43 wt.% Ni alloys 1o study the structure of small ove.aged copper precipitates
(d=10-15 am ) in the alpha-Fe matrix. Evidence for the existence of a previously unexpected 9R
phase in almost pure (> 95 at.% ) copper patticles has been found in diffraction patiern, optical
diffractogram and interference (ringe information. The 9R phase is believed to form by martensitic
transformation from metastable bee copper-rich particles coherent with the bee ferrite matrix, and is
ihought to be a metastable intermediate phase formed prior to the precipitates assuming the
thermodynamically stable fcc structure at larger sizes. A precipitate IR structure is consistent with
results from molecular dynamics calculations modelling the precipitate transformation from bec. The
bee-9R martensitic transformation is well known in beta-brass, but this is believed to be the first time
ithas been seen in almost pure copper.

Electron Microscopic Study of Twin Sequences and Branching in
Nig6Al34 3R Martensite
Dominique Schryvers and Joseph T. Van Landuyt

Microtwin sequences in NiggAl4 martensite plates of different size were investigated by electron
microscopy. Although mostly irregular sequences were observed an average twin widih w can be
determined which increases with twin length L following the expected relation w o< ¥ L. High
resolution electron microscopy was used 10 study the twin branching close to the plate boundaries and
an atomic model for the branching of a microtwin and the changes in twin thickness is suggested.

Differential Scanning Calorimetry Study of Aging in a Ti-Pd-Ni-B
Shape Memory Alloy
Ming-Hsiung Wu, Scott M. Russell and C.C. Law

An aging effect in a B2 Ti,PdNi,, alloy has been studied by
differential scanning calorimetry. The aging changes the subsequent
martensitic transformation kinetics to become "burst-like" where the
transformation occurs in a narrow temperature range. Further aging
shifts the transformation to lower temperatures. The activation
energy for the change of the transformation kinetics is 627.5 KJ/mole
while the activation energy for the depression of the transformtion
temperature is determined to be 420.6 KJ/mole. The aging effect
occurs only in the first cooling cycle. Thermal cycling or thermal
exposure of the alloy in the martensitic state restores the originad

transformation kinetics.

Eﬁect of Constrained-Heating Temperature on Microstructure in Ni-Ti
oy
L.H. Liu, J H. Jiang and Liancheng Zhao

The effect of constralned-heating tesperature on the microstructure of martensite and R~ ohase in s
near—eauiatosic NITT alloy has been studied by meens of metalloscope, X-ray diffraction analysis.SEM
and TEM. It is shown that the sicrostructure of the slloy can be resarksbly influenced by the
constrained-heating tesperaturet. The alcrostructire is the same as that of the samle with no
constrained-heatine st lower temperature. {t is composed of varent phase and wartensite at room
temperature: the martensite variant is olate. and it is possessed of obvious direction when
constrained-hesting at lower tesperature. The wicrostructure of the samle vith constrained- heating
at about 450% vill consist of R- ohase and martensite vith the dislocation forms. With increasins
the constrained-heating tesperature to 550%. the alcrostructure Is the same s that of the sawle
vith no constrained- heating. In present paper, the cause of the microstructure difference has been
discussed in detail. and considered that it is related to th differenct Initla]l stress fields
introduced by the constrained- heating in the parent vhase.




20. Effects of Thermal Treatments on the Respective Behavior of “R” and
Martensitic Phases in Ni-Ti-Co Shape Memory Alloys
L. Jordan, M. Masse, A. Villafana and G. Bouquet

NiTiCo shape memory alloys are materials commonly devoted to
orthodontical applications.Nevertheless such uses imply reproducible mechanical
properties depending on the structural evolutions occurrinig as a function of
temperature.The aim of this work is to determine the structural modifications
induced by various thermal treatments.

. _ The chemical content of the NiTiCo alloys we elaborated, provides materials
exhibiting a martensitic transformation in the 0°C to 30°C temperature range,
corresponding to the hysteresis width.

The structural evolution of these alloys, as a function of temperature, was
followed by internal friction spectrometry measurements and D.S.C. (Differential
Scanning Calorimetry) experiments. These experimental methods detect clearly the
"R" phase occurrence,on cooling, thanks to its net separation from the martensitic
phenomenon, however, on heating, stepped thermal treatments are needed in order
to separate the respective contribution of the "R" phase and the inverse martensitic
transformation.

Thermal cycling appears as a very efficient way of shifting the martensite
occurrence towards lower temperatures whereas the "R"phase is detected at a fixed
temperature. This behaviour is explained in terms of structural phenomena taking
place at the interfaces between martensitic vaniants.

Thermal treatments, such as annealings at high temperatures (500-700°C),
induce transition ‘temperatures displacements due to structural modifications
concerning precipitated phases.

Finally, the determination of the elastic modulus evolution of our alloys,
coupled to the internal friction measurements, proves the mechanical efficiency of
the "R" phase compared to the one of the martensite. This result raises the question
of the real structural nature of the "R" phase.

21. Recent Works on Crystal Structure Determination of Martensites
Kazuhiro Otsuka and Takuya Ohba

To khow the structures of martensites is the first gtep to under-
stand the mechanism of martensitic transformations. Despite the
fact, the structures of some martensites remain unsolved until
recently,since martensite single crystals are not easily avall-
able because of multiplic{ty of variants of martensites. Recently,
however, a remarkable progress has been made in the structure
analysis from two respects. First is the introduction of 4-circle
diffractometer, which makes the accurate determination of struc-
tures possible for single crystal martensites produced by stress-
induced transformation technique, followed by abscorption correc-
tion and the least squares analysis of atomic parameters. Seccnd
is the site occupancy determination in ternary alloys by ALCREMI
(Atom Location by Channeling Enhanced MIcroanalysis)method and
Synchrotron Radiation, which makes various x-ray wave lengths
available.These are extensively reviewed for the monoclinic Ti-N{
martengite,trigonal ¢, 'Au-Cd martensite and other 8 -phase martens
~ites. Based on thes&, a classification scheme of structural
change in martensitic transformations will be presented. Ageing
effects in martensites, which are responsible for the increase of
Af temperature and rubber-like behavior in some alloys, will also
be discussed from the structural point of view.

22. Nucleation of Martensite
Armen G. Khachaturyan

The homogeneous and heterogeneous nucleation of the martensitic phase is discussed. Different
accommodation modes making possible to overcome the strain-induced nucleation barrier are
considered. The cases of classical and nonclassical nucleation are analyzed. A concept of an
adaptive mantensitic phase is proposed and a role of the adaptive phase in the martensitic
transformation and especially in the homogencous nucleation process is discussed.
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23.

24,

25.

Computer Simulations of Heterogeneous Coherent Nucleation of
Martensite in B2 NiAl
Philip C. Clapp, Y. Shao, Y. Zhao and Jonathan A. Rifkin

We have fitted the parameters of the Ginzburg-Landau strain free energy functional to the strain
energy characteristics of B2 NiAl as determined from empirical data and Embedded Atom Method
Ni-Al potentials. During Monte Carlo simulations, pseudoclastic behavior with hysteresis has been
observed, caused by stress induced martensite during tensile stress cycling.

In separate atomistic studies of B2 NiAl using Molecular Dynamics simulations, both thermally
induced and stress induced coherent martensitic nucleation and growth processes have been
observed, including the formation of self-accommodating marteasite variants. Nucleation is found
to occur only at special heterogeneous sites that can be well characterized. Prior to nucleation,
clear evidence of the buildup of large amplitude localized soft modes can be seen. A discussion of
the kinetics of these processes will be presented, and evidence in the form of computer movies will
be shown.”

Computer Simulation of the Nucleation Process of the Martensite in a
Small Particle
Tetsuro Suzuki and Ken' ichiro Takahashi

The famous classical experiment by Cech and Turnbull has shown that the nucleation
process of the martensite becomes difticult as the size of the specimen decreases.
This experimental result has been interpreted in terms of the decrease of the
probability in finding lattice defects responsible for the nucleation process of the
martensite with the decrease of the volume of the specimen. In order to find ocut
whether the nucleation of the martensite is possible without the presence of the lattice
defects, small particle models with two kinds of interaction potential between
constituent atoms have been constructed and the molecular dynamical study of the
martensite nucleation process has been carried out. In the small particle model with
the Lennard-Jones potential, the nucleation of the martensite has been found possible
without the presence of lattice defects. However, the nucleation has not been found
possible without the presence of the lattice defects in the small crystal model with a
ionger interaction range potential than the Lennard-Jones potential.

Cellular Automaton Model of a Martensitic Transformation in a
Hexagonal Array
Daniel Maeder and M. Droz

In previous work the possibilities of 8 mesoscopic model with 4 cell states was explored,
which could change between one high temperature state ("0”) and three martensitic states
called "A","B","Z” as a function of two variables, temperature T and siress S [I}. The
transformation rules were based on minimizing the sum of all interaction energies between
nearest neighbours in a square array, plus the bulk energies which were assumed proportional
to temperature for each A and B state, and one half of it for each Z. To explain the familiar
formation of martensitic needles at the beginning of the transformation, special rules had to be
introduced for second-nearest neighbours, and would have to be more complex for a complete
model incorporating the additional variants commonly denoted ”C" and "D". We have found
that a cellular automaton on a hexagonal lattice allows a much simpler transformation rule
producing all four martensitic variants. A mixed cell state "Y” must accompany C and D, in
a way analogous to Z which allows a reversible change between A/B. The hexagonal plane is
particularly attractive for such models, as the differences between various martensitic needle
propagations can be traced to minute differences of interaction energies between close-packed
pairs. Apart from the hexagonal lattice plane transition rules, each cell has information on
the third dimension neighbourhood stored with it. S'ich "germs” remain unseen infide the
crystal at high temperature but can star{ nucleation which may also be aided by weaker
coupling with germ bits from nearest neighbours. The bulk energies depend not only on
temperature, but on three siress components so that any combination of two variants can be
favoured in the simulation. The Program will be displayed life on a IBM- compatible PC.
1] B.G.Mgeder and M.Droz: Proc.JCOMAT-89, Sydney(Australia), 1990, p.119.
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26. Martensite Nucleation Through Spinodal Decompasition
Alexander L. Roytburd

A new model of martensitic nucleation is considered. It is shown that at large driving force the
nucleation of the twinned martensite phase proceeds through the creation of an intermediate
unstable state in a local volume. This state then decomposes into an alternation of the twin
domains. The tendency to minimize the energy of the interaction of the transforming volume with
the surrounding matrix takes the role of a condition of conservation of average strain.
Thermodynamics and kinetics of such a mode of nucleation are considered and compared with

other models of martensitic nucleation. The nucieation barrier has been found to be of 103 times
less than other estimations that had rejected any possibility of the homogeneous nucleation of
martensite.

27. In Situ High-Resolution Transmission Electron Microscope Study of
Martensite Nucleation and Growth in a Co-32 wt % Ni Alloy
James M. Howe

in situ hot-stage high-resolution transmission electron microscopy (HRTEM) was used to study the

interfacial and internal structures, thickness and growth kinetics of the h.c.p. = f.c.c. martensitic
transformation in a Co-32wt. %Ni alloy. The results from these studies show that the interface is
perfectly coherent and propagates by the motion of transformation dislocations on altemate close-
packed planes. Initial lamellae are often four or six close-packed planes thick and defect free. These
data support models of martensite nucleation that are based on the simultancous formation of several
overiapping stacking faults on alternate close-packed planes. The advancing manensite interfaces
propagated across the field of view in less than 1/30th sec, placing a lower lirait on the interface
velocity of 440 nm/sec.

28. }Iomogeneous Martensitic Nucleation in Iron-Cobalt Precipitates Formed
in a Copper Matrix

Minfa Lin, Gregory B. Olson and Morris Cohen

The martensitic transformation on subambicnt cooling has been monitored in defect-free nanocrystalline fec Fe-Co
pasticles that have been coherently precipitated in a Cu matrix. Transformation is found to occur at a driving force of
~10 kJ/mole, a factor of 7 higher than the known critical driving forces for heterogeneous nucleation in bulk alloys. The
obscrved transformation characteristics arc en irely consistent with classical homogeneous coherent nucleation, whereas
hetcrogencous nucleation and homogeneous semicoherent nucleation can be ruled out in this case. An observed variation
in transformation tcmpcratures is explained by the experimentally-determined differences in Co content (and, hence, in
wransformational driving force) among the Fe-Co precipitates in relation to their distribution of particie sizes. The role
of thcrmal activation in the homogeneous nucleation process is demonstrated by applying a high magnetic field w
imposc an increment of driving force at low cmperatures.

29, Theoretical ‘Calculation of the Transformation of Austenite into Ferrite
Zi-Kui Liu and John Agren

The decomposition of austenite into ferrite is one of the main research topics in steels. It has been
known for many decades thz. various types of plate-shaped ferrite may form if the supersaturation is
large enough. The transformation features seem to change dramatically as the supersaturation
increases and conseg ‘zntly, the various types of ferrite have been given different names, i.c.
Widmanstitten ferrite, bainite and martensite, respectively. There has been much emphasis on the
dissimilaritics among the different types rather than their strong similarities. Thus the continuous
change of the transformation characteristics has only rarely been considered until quite recently.

In the present calculation of the transformation, the effects of surface tension, diffusion in austenite
and the phase interface, the elastic contribution due to the coherent interface, relaxation of the
elastic strain by dislocations in the interface and the finite mobility of the phase interface are taken
into account simultaneously and consistently. The transition from a partially coherent interface to 8
coherent interface is considered to occur gradually and the misfit between the two phases may be
stored as elastic distortion of the lattice instead of misfit dislocations. The transformation in a
number of alloy systems is calculated with the present model and compared with available
experimental results in the literature.
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33.

On the Nucleation and Growth of Ferrous Martensites

Xiumu Zhang and YiYi Li

The nucleation and growth of ferrous martensites, including g, butterfly, lenticular, thin pfate and
sel{~accommodating plate ones, have been investigated using optical and electron microscopy
equipped with cooling device. The results for g—martensite are in agreement with the faulting
model proposed by Olson and Cohen. The farmation courses of the thin plate, butterfly and
lenticular martensites were recorded using a video camera. It was found that the twin and grain
boundaries, especially their triple point are the favourable sites {or the thin plate ard lenticular
martensites, but not for butterfly martensite which occurred inside austenite grains. The lenticular
martensite grown along grain boundary and from thin plates was also found. It was proposed that
the dislocations (b=1/ 2[?11}.,= 1/ 2{110}) emited from incoherent twin boundaries of transfor-
mation twins in thin plate can provide the dislocation source for the transition of latlice invariant
shear model from twinning to slip for the formation of lenticular martensite.

Decomposition of Homogeneous Unstable States with Conservation of
Energy

Alexancer Umantsev and Gregaory B. Olson

The effect of energy conservation on the decomposition dynamics of unstable states is considered for systems with
nonconserved order parameters. We demonstrate that close to the critical point of instability the dynamics of the order
parameler field is described by the nonlincar Cahn-Hilliard equation, leading to evolution by heat-transfer—controlled
modulation. The results are applied 1o first-order displacive transitions predicting a new mechanism which follows a path

of continuous strain modulation with finite wavelength.

Reverse Transformation of Aged Cu-Zn-Al Martensite:The Mechanism of
Stabilisation

Muthuswamy Chandrasekaran, Eduard Cesari and Jan Van Humbeeck

In Cu-Zn-Al alloys which normally transform & martensite at room temperature or above it,
quenching through and/or ageing in the martensite condition shifts the retransformation of
martensite to higher temperatures. Diffusion processes occurring during ageing are
responsible for such stabilisation. What is less clear, however, is the primary reason for the
stabilisation as several mechanisms have been proposed in the literature to explain the same.
The mechanisms can broadly be divided into two groups : one in which configuration changes
In martensite with ageing are considered responsible and the other comprising of mechanisms
unrelated to such configuration changes within the martensite. The purpose of the present
work is to show that these two broad approaches can be differentiated by well designed
experiments as well as to report and to discuss the results of such experiments

Site Determination of Mn Atom in Cu-Al-Mn Alloys by Alchemi

Norihiko Nakanishi, Toshihiko Shigematsu, N. Machida, K. Ueda, Ken'ichi
Shimizu and Yoshiyuki Nakata

The authers tried to study the fundamental mechanism of the shape memory character having
ferromagnetic property due to the Mn-Mn atom interaction in Cu-Al-Mn alloys. This mechanism
is based upon the phase separation between the ordered structure, CuiAl, and the Heusler one
(L21), CupMnAL the former plays a role of the function of thermoelastic martensitic
transformation and the latter covers that of ferromagnetism. The Cu based alloys consisted of
several Mn contents between 6 -15 at % and Al content of 23 at%, which is almost constant. After
the necessary heat treatment, the alloys were isothermally held at 433 and 473 K for several hours
up to 432 ks, and followed by TEM observation, XRD, DSC, electrical resistivity and magnetic
measurements. The following experimental results are dominant: (i) The increase in the Mg and
Ag temperatures during the aging was rather small; about 10 and 35 K at 433 and 473 K,
respectively, in the specimen having 8.0 at% Mn. (ii) After the determination of Mn atom site in
the DO3 lattice by the method of Atom Location by Channelling Enhanced Microanalysis
{ALCHEMYI), it was made clear that Mn atoms behaved to preferentially occupy the Heusler
position. (iii) As a result of the gradual growth of the Heusler domain caused by the altemnate
diffusion of Mn and Cu atoms, an endothermic peak was observed at the temperature range 503-
533 K, which is the Curie temperature associated with the transition from Heusler to DO3 lartice.
The phase diagrams obtaired by G. Thomas and T. Nishizawa were discussed.
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Atom Location of the Third Element in Ti-Ni-X Shape Memory Alloys

Yostiyuki Nakata, Tsugio Tadaki and Ken'ichi Shimizu

The atom location of the third element X in Ti-Ni-X shape memory ailoys have been studied by
the electron channelling enhanced microanalysis. The studics were cartied out for three kinds of
compositions, that is, Tiso.sNisoXs, Tiso-x2Niso-xnXe and TisoNiso-. Xe, where X is Cr, Mn, Fe, Co or
Cu. As a result, it turned out that Mn and Cu atoms showed a tendency to occupy the Ti atom site in
Tisa-sNiXs, the Ni atom site in TisoNiso.. X. and both the sites in Tissw2Niso s2Xs. On the other
hand, Co and Fe showed a preferential occupancy at the Ni atom site, irrespective of the alloy
compositions. Preferential occupancy of Cr atoms at the Ni atom site was observed, but it was not
so remarkable as that of Co and Fe atoms. These experimental results were compared with the
theoretically calcutated ones on the basis of the Bragg-Williams approximation. In the calculation,
the atorn Jocations were determined $o0 as to minimize the free eneigy including the configurationai
entropy of the alloy systems. As a result, it was found that the atom location of X varied depending
on the value of D { = (Hrx ~ Hwo )/Hroa, where Hag is the interaction energy between atom A and
atom B). In the case of D > 1, which was satisfied in Ti-Ni-Co alloys, most of X atoms occupied
the Ni atom sites preferentially, imespective of the composition of alloys. On the other hand, in the
case of D < -1, X atoms occupied the Ti atom site. In the case of | D[ < 1, the atom site occupied by
X atoms was dependent on compositions and temperature. {f £ was around 2c10, which was satis-
fied in Ti-Ni-Mn and Ti-Ni-Cu alloys, Ti and Ni stoms occupied their own right sites and X did
the remaining atom sites. If D value was close to unity, which was satisfied in Ti-Ni-Fe alloys, X
atoms occupicd the Ni atom site even in the TiwNisbez at some finite temperatures although they
occupicd the Ti atom site at 0 K. These calculated results were in good agreement with the experi-
mentai Ones.

Effect of Aluminum Content on Precipitation in Cu-Zn-Al Shape
Memory Alloys

Shyue-Shang Leu and Chen-Ti Hu

The study of the effect of aluminum content on the precipitation has been conducted on Cu-Zan-
Al stape memory alloys (SMAs) after aging treated at various temperatures. It was observed that the
@y precipitates with a structure similar 1o the quenched 9R martensite and the y precipitates with a
cube-cube orientation relationship to inatrix exist in the aged specimens with aluminum content lower
than 3.8wt% and higher than 6.9w1%, respectively. In addition, the length of the latent period of a;
precipitation was zhorten as the aluminum content decreased. However, the length of the latent period
of the y precipitation was shorten as the aluminum content increased.

Effects of Heat Treatment on Stabilization of Transformation Behavior
in a Cu-Zn-Al Shape Memory Alloy

Jian-Pei Zhou, Horng-Show Koo and Ken'ichi Shimizu

The deterloration of the shape memory effect and the shift of the transformation
temperature in CuZnal Alloy are the pressing reseclved problems in research and
development. The influences on shape memory effect and transformation temperature
of CuZnAl alloy have been investigated by means of four-probe electrical
resistance method, differential scanning calotimetry, X-ray diffraction
technique, scanning and *ransmission electron microscopes. It is shown that the
cool-rolled and annealed specimens have no remarkable influence on the shape
memory effect and transformation temperature of the alloys, but the step
quenching, deformation training and aging in parent phase have a large effect.
The sample treated at 870°C for 20min, and followed by 180°C for 10min aging
treatment and slow cooling below M, is the best conditfon for the heat treatment
of the alloy, the specimen treated by this heat treatment has a better shape
memory effect and a stable transformation temperature.
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Structure and Morphology of FegC and FejgN2 Precipitates Obtained by
Aging Martensites
Jean-Marie Robert Genin, I, Fall and Oswald N.C. Uwakweh

The clustering-ordering synergy which forms FeGC precipitates by aging Fe-C martensite is
compared to the long range ordering which forms Fe N in the nitrogen case. The two steps
of aging as revealed by Mdssbauer spectroscopy has a unique activation energy of 75 kJ/mol,
both controlled by carbon difiusion. The small Fe,C precipitates are plate-like with (023)
habit plane made of alternating 1C-2Fe-1C-5Fe-1C-5Fe sequences of atoms along [001] .
which gives rise to 12 2y supetperiod antiphase domains where 8, is the lattice parameter. On
the contrary, the two steps of aging observed for nitrogen correspond respectively to about
95 and 126 kJ/mol, ie. to nitrogen diffusion and iron pipe diffusion. The FemNz
precipitates with (001) ., habit plane, first coherent with the matrix, become semi-coherent
with a misfit dislocation every 11 atomic spacings slong [001] .. A complete comparison is
drawn between the two systems reviewing all experimental methods, e.g. calorimetry,
dilatometry, X-ray diffraction, resistivity ... Another step which marks when the martensite
is rid of isolated carbon atoms is observed during aging just prior to the full development of
the first stage of tempering by in-situ transformation with composition in the neighbourhood
of Fe, C, close to the ordered e-n carbide Fe C, stoichiometry. The activation energy is then
122 kI?mol. The homologous stage of tempering for Fe-N martensite is the formation of
Fe N with is nitrogen diffusion controlled as testified by an activation energy of about 94
ki/mol. Finally, the same Mossbaver spectra are used to determine the interstitials
distribution into the retained austenite. An ordered Fe C phase can explain the three
observed Fe environments whereas a random distribution occurs among nitrogen atoms.

Low Temperature Ageing of Iron-Based Martensites

Kari Ullakko, V.G. Gavriljuk and Viadimir M. Nadutov

Ageing of the freshly formed iron based carbon and nitrogen martensites at temperatures below
room temperature was studied by means of X-ray and neutron diffraction, Mdssbauer
spectroscopy, positron life time, internal friction, dilatomtric, electrical resistivity and magnetic
susceptibility measurements. The nature of abnormal tetragonality, stresses, redistribution of
carbon atoms and their interaction with dislocations wer the topic of the studies. The second
stage of the decrease of tetragonality in the Fe-Ni-C martensite during heating at 200 - 300K is
attributed to the decomposition of solid solution with clustering of carbon atoms. The results
obtained do not confirm the idea of Taylor et al. about the isomorphness of the carbon rich
regions in the aged Fe-C martensite to the o -phase Fe, (N, in the aged Fe-N martensite. Along
with clustering in solid solution strong interaction of car%)on atoms with dislocations occurs
causing the pinning of the carbon atoms and the formation of the Snoeck atmospheres.

Unlike in Fe-Ni-C martensites tetragonality increases during heating of the virgin Fe-C and
Fe-Mn-C martensites at temperatures below the region where carbon atoms become mobile. The
results obtained are consistent with the idea about the main contribution of twins (110) into low
tetragonality and its increase during ageing but in a way which is different from the hypothesis
proposed by Roitburd and Khachaturjan. Unlike Fe-Ni-C martensite the ageing of the virgin
Fe-Mn-C martensite above 200K is not accompanied with a decrease of tetragonality, which can
be explained by the retarding effect of manganese on the mobility of carbon atoms in a-iron.
Redistribution of nitrogen atoms during ageing at low temperatures differs significantly from
that of carbon atomns. Méssbauer measurements revealed that no clustering occurs. In addition,
some new magnetic effects werc observed in binary Fe-2.4wi%N mantensite.

Tempering of Cold-Deformed Fe-Ni-C Thin-Plate Martensite

Marku Nieminen and Juhani Pietikainen

Heavily cold deformed Fe-25Ni-0.7C thin plate martensite was agad and tempered at vanious

temeratures up to the temperature of reverse transformation o->y. During the ageing stage no sign of
the normal increase in electrical resistivity was detected. This indicates that the usual clustering
process has been prevented. At the later stage of ageing anomalities were found in the dilatometric
curve. Around 80 'C a clear decrease in the sample lenghth was recorded. Also, at the tempering
stage an abnormal high decrease in the dilatometric curve was found after 300 *C. This change was
explained by increase of the amount of austenite despite the fact that the normal A-temperature for
this material is only reached at 500 “C. The change in the amount of austenite was confirmed with the
X-ray measurements. A strong precipitation of carbon 0 lattice defects during tempering was also
detected in austenite. Changes in the materials structure were also studied by cooling tempered
samples from room temperature to 30 K and measuring the change of magnetic susceptibility and
electrical resistivity during cooling and heating. In addition, results of transmission electron
microscopy studies, Mossbauer measurements and some rapid heating experiments are presented.
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Internal Friction Behaviour of Virgin Dislocated Martensite
Yong Liu and Juhani Pietikainen

The internal friction behaviour of two morphological type of virgin martensite has been studied
systematically. In the case of lenticular manensite the internal friction exhibits a kind of four-peak
curve from 80 to 350 K. Two peaks in the case of lenticular martensite were due to the interaction
between carbon atoms and dislocations at temperatures between 170 and 270 K. From the
computer simulation of the intemnal friction curves the peak position of the component peaks could
be determined precisely. The activation energies were calculated to be 0.79 eV for the 210 K peak
and 1.3 ¢V for the 255 K peak. These values suggested that the process at temperatures from 170
to 220 K is related to the diffusion of carbon atoms and the process at temperatures from about 230
10 270 K is related with carbon atoms clustering. In the case of thin plate martensite an two-peak
internal friction behaviour has been found. The mechanism of the this behaviour is discussed.

Ti-Ni Shape Memory Alloys and Martensitic Transformations

Toshio Saburi

Recent development of investigations on the martensitic transformations of TiNi
shape memory alloys is reviwed. Nucleation and growth processes and self-
accommodation mechanisms of the three kinds of martensitic phases in Ti-N]
alloys, i.e., the R-phase and B19' martensites which form from the B2 parent cf
the binary Ti-Ki alloys and the B19 martensite which forms from the B2 parent of
Ti-Ni-Cu alloys are now being clarified. While the R-phase martensite which has
a relatively small shape strain can nucleate from stress centers of relatively
small intensity, such as eingle dislocations, the orthorhombic B*'9 and thre
monoclinic B19' martensites which have & larger shape strain can not nucleate
from single dislocations and nucleate fromw larger stress centers. Self-accommo-
dation of the R~phase is characterized by four twin-related variants arranged
around each of <100> axes resulting herring-bone type and parallel-band type
appearance on the surface. The B19 and B19' martensites, on the other hand, are
characterized by triangular morphology. Self-accommodation of the B19'
martensite is still not well understood. Cu substitution for Ni in near
equiatomic Ti-Ni alloys affects in many respects on the transformation behavior
and related shape memory characteristics (reduction of shape memory hysteresis,
of composition sensitivity of the transformation temperatures, and of the flow
stress level in the martensite state). The effects are now being practically
utilized. Transformations and mechanical properties of rapidly solidified TiNi
shape memory allqys are now being inves.igated and possibilities of improving
the properties in -many respects have been shown.

Martensitic Transformation and Shape Memory in Ti-Ni-Zr Alloys

Jan H. Mulder, Jan H. Maas and Jeno Beyer

Vithin the framework of the development of high temperature shape memory slloys
TiN{Zr is investigated. In a Ni-Ti{Zr diffusion couple & broad diffusion layer of
TiNi solid solution containing 23 atl 2r has been observed, showing a martensi-
tically transformed region on the Ni-poor side. Therefore, alloys Tis; s ,Nig 521,
with x ranging from O to 20 atX were arcmelted and heat treated at 880 *C/48 h.
The transformation temperatures show an increase of about 18 °C/atX Zr above 10
atX Zr. These results indicate that transformation temperatures depend strongly
on the Ni-content {n alloys with a Zr-content above 10 atX. The decrease of
transformation temperitures on thermal cycling in Ti;; Ni,y 4Zry; heat trested at
880 °C/48 h has a thermal cause, and is thought to be due to precipitation of
the Laves phase,
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43. A Study oi the Martensitic Transformation in Ti-Rich TiNi Alloys
H.C. Lin, Shyi-Kaan Wu and J.C. Lin

The martensitic transformations in Ti-rich TiNi alloys were studied by DSC, hardness and microstruc-
ture observation. Transformation temperatures and A H values of Ti-rich alloys are higher than thosc
of equiatomic or Ni-rich alloys. There exiats a lot of second phase Ti, Ni around B, grain boundaries.
The martensite stabilization in Tig; Nigo alloy is found to be induced by cold rolling at room tem-
perature. The AH value of the first reverse martensitic transformation of the cold-rolled specimen
is found to decrease quickly with the increasing degree of cold rolling. The release of sccumulated
elastic energy, the smaller transformation volume and the reduce of degree of order sre proposed to
correspond to this characteristic. Transformation temperatures decrease, but hardness increases, with
the increasing thermal cycling N. These effects come from the introduction of dislocations during the
thermal cycling. The R-phase transformation can be promoted both by cold rolling and by thermal
cycling in Ti-rich TiNi alloys due to the introduced dislocations depressing the M* temperature.

44. Internal Structures of Triangular Self-Accommodating Martensite in Ti-
Ni Shape Memory Alloy
Minoru Nishida, Kiyoshi Yamauchi, A. Chiba and Y. Higashi

Internal structutes of martensite in Ti-50.1 at.%Ni shape memory alloy have been studied by
transmission electron microscopy (TEM). Microstructural aspects in the specimen were remarkably
changed by electropolishing conditions, especially with temperatures of the electrolyte. A stress
induced product with orthorhombic unit cell and (001) compound twinning of B19 structure were
observed in the thin foil electropolished at relatively high temperatures around Ms. A hydride was
formed by hydrogen absorption in the specimen prepared at relatively low temperatures below M. A
sound martensite with B19 structure was observed in the thin foil electropolished at intermediate
temperatures between above conditions. Internal defect of martensite was confirmed to be <011>
Type II twinning by electron diffraction. <011> Type II twinning planes were converted to (1)
Ttype I twinning planes in many of junction planes between martensite variants. It suggested that
(11) Type 1 twinning was variant accommodation twinning which is introduced as a means of
mutual accommodation of shear strains between variants.

45. Shape Memory and Superelasticity in Powder Metallurgy TiNi Alloys
Sei Miura, Hiroyuki Kato, T. Koyari, K. Isonishi and Masaharu Tokizane

Shape memory properties of powder metallurgy TiNi alloys produced by Plasma-
Rotating Electrode Process(P-REP) were examined. Using a prealloyed Ingot of Ti-
50.7at.%Ni, TiNi powder was produced by P-REP. The consolidation by Hot Isostatic
Pressing(HIP) attalned to obtain the compact having a relative density of 99.6%.
The P/M alloy showed not only shape memory effect but also superelasticity, as the
typical melted alloy having of this composttion shows. The comparison of the
martensitic transformation and mechanical properties between the P/M and of a
typical melted alloy showed that the former alloy have almost ldentical char-
acteristics to thcse of the [atter. In particular, superelastic strain of 4.8%
will be first reported for the powder metatlurgy TiNi alloy.




46. Shape Memory Characteristics of Ti-Ni Thin Films Formed by
Sputtering
Shuichi Miyazaki, Akira Ishida and A. Takei

Ti-Ni shape memory alloy thin films have been made by sputter-deposition technique. As-
sputtered films were amorphous and the crystallization temperature was determined (o be 756K by
DSC measurement. After heat wreatment, the shape memory characteristics and crysial stuctuses
have been investigated using DSC, thermomechanical tests and X-ray diffractometry. The crystal
structures were determined to be B2 and monoclinic for the high and low temperature phases,
respectively, which are the same as those of bulk specimens. Two types of thin films with
different alloy compositions were prepared. Ti-50.4at%Ni alioy showed a single peak in the DSC
curve indicating a single stage of transformation occurring from B2 to the mantensitic phase, while
Ti-51.421%Ni alloy showed double peaks indicating the R-phase transformation occurring prior (o
the martensitic transformation. The transformation peak temperatures are as follows; M* and A*
are 275K and 320K for the former alloy, while Rs*, M*, A* and Rf* are 289K, 230K, 288K,
and 290K, respectively. Itis shown that the perfect shape memory effect was achicved in sputter-
deposited Ti-Ni thin films in association both with the martensitic and R -phase transformations,
and it was characterized quantitatively for the first time. The stresses for inducing the martensitic
and R-phase transformations vs. temperature curves showed the Clausius-Clapeyron
relationships, which are almost quantitatively same as that of bulk specunen with similar atloy
composition.

47. The Effect of Cold Work and Heat Treatment on the R-Phase to
Austenite and Martensite to Austenite Transformation of a Near-
Equiatomic Ni-Ti Shape Memory Alloy

Paul E. Thoma, Ming-Yuan Kao, Sepehr Fariabi and D N. AbuJudom

The influence of cold work and heat wreatment on the R-Phase to austenite and martensite o ausienite
transformation terperature of a near equiatomic NiTi shape memory alloy has been examined. For
the same cold work, the R-Phase 10 austenite transformation temperature increases with decreasing
heat treat temperature. At heal treat temperatures of 500, 525, and 550°C, the amount of cold work
has litde influence on the R-Phase to austenite transformation temperature. For heat treat temperatures
of 425, 450, and 475°C, the R-Phase (0 austenite transformation temperature increases significantly
with increasing amounts of cold work and the greatest increase occurs at low heat treat terperatures.
At heat treat temperatures of 575 and 600°C, stable R-Phase does not form from austenite on cooling.
The martensite 10 austenite transformation temperature is constant for all cold works and heat treat
temperatures when the temperatare is 575°C and higher. In general, for a particular heat treatment, the
martensite to austenite transformation temperature decreases with increasing cold work. For cold
works greater than 31% with heat treat temperatures of 450°C and lower, the mariensite 10 austenite
transformation temperature increases slightly with increasing cold work and coincides with the R-
Phase 0 austenite transformation temperature. Coincident with merging of the martensite to austenile
transformation temperature and R-Phase (o austenite transformation temperature is the emergence of 2
stable R-Phase from martensite on heating. The behavior of the austenite transformaton temperature
and the emergence of a stable R-Phase from martensite are attributed to the level of intemnal stress.

48.  Influence of Heat Treatment on the Internal Resistance to the Martensitic
Transformation in NiTi

Yinong Liu and Paul G. McCormick

It is known that the phase boundary motion accompanying the martensitic transformation in shape
memory alloys requires immeversible frictional work against an internal resistance. A study has been
carried out to investigate the influence of heat treatment on the internal resistance in a NiTi alloy. The
resistance was determined from measurements of the heat loss during a thermal cycle through the
forward and reverse wansformations and transformation hysteresis. The mechanical work dissipated
during a deformation cycle of pseudoelasticity was also measured. The results show that heat
treatment influences not only the internal resistance, but interalia also the transformation behaviour.
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Electrical Resistance Change in a Ti-Ni Alloy During a Thermal Cycle
Under Constant Load

Shuichi Miyazaki, Yinong Liu, Kazuhiro Otsuka and Pauwl G. McCormick

The martensitic transformation is accompanied by an electrical resistance change as well as a shape
change. In the present paper, both the strain and electrical resistance(ER) in a Ti-49.5a1%Ni alloy
have been measured simultancously during cooling and heating under a variety of constant
stresses between zero and 250 MPa. Two stages of strain change were observed upon cooling,
the first stage being associated with the R-phase transformation and the second one with the
martensitic transformation. The corresponding ER showed an increase due to the first
transformation and a decrease due (o the second one. Since the martensitic phase reversed directly
to the parent phase upon heating, the ER during cooling was always higher than that dunng
heaiing under no stress. However, by applying a stress, the ER during the martensitic
wransformation increased and the ER-temperature curves during cooling and heating crossed each
other under a constant stress less than 147MPa. By applying a stress higher than 147MPuy, the ER
during heating became higher than that during cooling at any (emperatures. The ER of the
martensitic phase under a stress of 196MPa was about 30% higher than that under no stress. This
change in ER originates from specimen shape change, change in the density of lattice defects such
as dislocations and twin boundanies, and reorientation of martensite variants.

Effects of Neutron Irradiation on the Transformation Behavior in Ti-Ni

Akihiro Kimura, Shuichi Miyazaki, Hiroshi Horikawa and Kivoshi Yamuauchi

The effects of neutron irradiation and post-irradiation annecaling on the martensitic trans{ormation
behavior of Ti-50.0, 50.5 and 51.0at%Ni alloys were investgaled by means of the differential
scanning calodmetric (DSC) measurement and transmission electron microscope (TEM) observativa

The neutron irradiation up to the fluence of 1.2 x 10**n/m?* at 333K suppressed the martensitic
transformation of these alloys, resulling in the absence of the transformation above 150K. TEM
observations at room temperature revealed that high density of black dotl type radiation damage
structures were formed in the neutron irradiated Ti-51.0a1%Ni alloy. Diffraction patierns taken from
this area showed the superimposition of diffused halo rings on the matrix spot pattern, indicaung
multi-scattering caused by radiation damage structure. Post-irradiation annealing caused the tecovery
of the transformation behavior of which the progress depended on the annealing temperature and
period. From the dependence of the transformation temperature on the annealing condition, an
activation energy of the recovery of the transformation behavior in a neutron irradiated Ti-50.0at®N:
alloy was estimated 10 be 1.2eV by cross-cut method.

Comparison of Homogeneous Shear and Tensile Tests on a NiTi Shape
Memory Alloy

Pierre-Yves Manach and Denis Favier

For classical isotropic materials, the push-pull tests are often used as identification tests, if
equivalent stress and strain can be defined. In fact, these push-pull tests imply only one diagonal
component of the stress tensor ; moreover, in the cases of the torsion of a thin tube or of the simple
shear of a sheet, a non-diagonal component of both stress and strain tensors is principally concerned
in constitutive equations. Therefore these two kinds of homogencous tests are complementary in
order (o develop constitulive laws applied to alloys including shape memory alloys. Isothemmal and
non-isothermal fensile and shear tests are performed on sheet samples of different shape memory
alioys. First results on Cu-Zn-Al and Ni-Ti alloys are presented.

For different alloys, superelastic and pseudoelastic behaviour have been observed and compared
for both types of test; the anisotropy of the materials (in the plane of the sheet ) has been tested.
Assuming an isovolume deformation, equivalent stress and strain are obtained for two particuiar
Cu-Zn-Al alloys ; for superelastic alloy, the behaviour is closed to Von-Mises type whereas
rubberlike material shows a typical Tresca behaviour. For a given Ni-Ti alloy, for which isotrapy in
the plane of the sheet has been tested, it seems not possible to define equivalent stress and strain.
The previous studies are necessary 0 achieve a tensorial scheme allowing the description of the
thermomechanical behaviour of shape memory alloys. A continuum mechanics description of the
combined elastic and hysteresis effects has been proposed ("Thermomechanics of Hysteresis Effects
in Shape Memory Alloys", Favier et al, ICOMAT 1989) ; it appears to be a gencral and versatile
basis for future design of shape memory elements. This scheme is identificd and compared with
previous experimental results.  § §




52.  Stability of Deformed Martensite in Nig7Tig4Nb9 Shape Memory Alloy
Lian-Cheng Zhao and C.S. Zhang

The stabitity of deformed mariwensite in Ni,Ti,,Nb, alloy has been studicd by mcans of transns
sion clectron microscopy and diffraction, clectrical resistance mcasurcments and tensile tests at van
ous temperaturcs. The experimental results indicate that the stabiity of deformed martensite do-
pends strongly upon deformation conditions. In general, the stability of the thermal martensite and
stress—induced martensite formed at temperatuses a little higher than Ms under small strain is low,
while the strain—induced martensite formed at temperaturcs above M, posscsses high stabiity, but
docs not exhibit shape memory cffcct. It is noteworthy that the stress—induced martensitc formed at
Ms+30TC under large strain (16—~ 20%) not only possesses high stability, but also exhibit good shapc
memory cffect. Microstructural analysis shows that a large amount of (001),, twins and somc of
dislocations are generalted in the stress—induced mariensite formed under large strain which is differ
cnt from that formed under smali strain. Bascd on the present results, the concept of deformed
stress—induced martensite is proposed and the rcasons for the high stability and good shape memory
clTect of the deformed stress—induced martensite are discussed.

53. Martensitic Transformations- A Structural Classification
John W._Christian

The choice of a deformation twinning mode frequently involves a confllict
between small shears and shuffles of small magnitudes. Modes of large shear
are generally found only in single lattice structures which twin without any
shuffling. Similar rules may be deduced for martensite formation., and are
used to derive a new structural classification for martensitic and related
transformations. A critical consideration 1s whether or not any necessary
change in the stacking sequence of close-packed planes may be achieved by
shuffling alone,. Comparison is made with previous classifications of
martensite.

54. S.0.S.- Shears or Shuffles in Martensitic Transformations
John W. Christian

In the conventional crystallographic theory, the atomic displacements
at the martensite interface are regarded as the net effects of &
lattice deformation and a lattice invariant deformation, both of
‘which contribute to the macroscopic shape change, and of shuffles
which have no macroscopic effects. There are nevertheless possible
ambiguities in this factorization of the displacments, and the shear
or shuffle division may depend on the scale of observation.
Ambiguities 8lso occur in the distinction between the lattice and
lattice invariant deformations, as exemplified by Khachaturyen's
recent description of the martensitic structure as an “adaptive
phase”. The implications for interface structure and growth
mechanisms will be examined.

S5.  Crystallography of Hierarchical Structures of (Ti,Nb)3Al Alloys
Involving Both Displacive and Chemical Ordering
Leonid A. Bendersky, W.J. Boettinger and Alexander L. Roytburd

In the present work the microstructure of rotational domains of the onhor.hombic O phase in
continuously cooled Ti-25Al-12.5Nb (at%) and Ti-25A1-25Nb (at%) alloys were investigated. For the
Ti-25A1-25Nb alloy the domains form from the B2 phase through a transient B19 structure and have
2 strain accommodating polytwin structure. For the Ti-25A1-12.5Nb alloy the domains form from th_c
disordered BCC phase by (1) the formation of hexagonal phase domains and subsequently (2) their
transition to the O phase by ordering. The strain accommodating morphology occurs in the scf:ond step.
The configuration of the domain interfaces can be understood on the basis of strain energy
minimization.
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§6. Martensite Group Morphology and Relative Frequencies of the

Crystallographically Different Junction Planes in p1’ Martensite
L. Chen, Druce P. Dunne and Noel . Kennon

A common feature of martensite plates in [},'(9R or 18R} shape memoary alloys s self

accommodating plate units, which consist of four martensile variants with habit plane normals
clustered about one of the six {110} poles of the parent phase. However, some uncertainty exists
about the dominant morphology of the plate groups which form on cooling: a diamond shaped [our
plate cluster and a spear ar chevron shaped grotiping have both been suggested as the characteristic
group morphology. A potential means of revolving these conflicting proposals is by measurement of
the relative frequencies of the three major martensite plate junction planes: {110}g(, {100}z, and the

{155}p; habit plane junction.

In the present work, the relative frequencies of the crystatlographically different kinds of junction

planes have been delennined for 3}’ martensite in a Cu-Al-Ni-Mn shape memory alloy by using
quantitative metatlography . The cxperimental resulis indicate that the main arrangement of the four
martensite variants in a group is an extended chevron type morphology which is repeated in a "zig
zag” pattern on a larger scale. As a consequence. the dominant junction planc interface is the habut
plane junction, which is about 8 times more commaon than the {110}g, junction planc. The frequency
of {100}y junction planes was found (o be so low that it can be disregarded as a significant

microsituctural feature of thermally produced 3" mantensite.

§7. Self-Accommodation in Martensites
Kaushik Bhantacharya

Shape-memory alloys are able to transform from the austenite to the martensite phase without any
apparent change in shape. This is known as self-accommodation. Though there is a change of
shape at the microscopic level, the martensitic variants arrange themselves in such a microstructure
that there is no macroscopic change in shape. Wayman and others have emphasized the
importance of self-accommodation in the shape-memory effect. Apart from being an inherent part
of the one-way shape-memory effect, it can be argued that self-accornmodation is also important
for the the reversibility of transformation in polycrystals and for easy nucleation of martensite
during cooling. Using a theory of thermoelasticity, we investigate which materials can form a self-
accommodating microstructure. This approach is significantly different from the previous studies
because it makes no apriori assumption on the microstructure. We find that if the austenite is
cuhic, the material is self-accommodating if and only if the transformation is volume preserving.
On the other hand, if the symmetry of the austenite is not cubic, it is not possible to construct any
microstructure that is self-accommodating unless the transformation strain or the Bain strain has to
satisfies additicnal, rather strict conditions. We shall discuss the implications of these results on
potential candidates for new and improved shape-memory alloys.

58. Shape Memory Effect and Superelasticity Effect Associated With 82 to

€2’ Martensitic Transformation in a Au-49.5 at.% Cd Alloy
Koichi Morii, Shuichi Mivazaki and Kazuhiro Otsuka

The Au-Cd alloy at or very close to Au-50atXCd composition exhibits B8 ->
¢ ." (trigonal) martensitic transformation. Since neither the stress-induced
transformation from B2 to {;2' nor the reorientation of ¢§.,’ martensite
variants under stress have been observed yet,they were explored in the present
work. By tensile testing single crystals of a Au-49.5atXxCd alloy,the 8, ->
§2' stress-induced transformation was found only im orientation near (111>ﬂ2
in~ a very narrow temperature range, and the reorientation of the ¢

martensite was also observed.This orientation dependence was clarified.
Associated with the transformation,superelasticy and the shape memory effect
were found for the first time. The observed transformation strains agreed well
with the calculated values from the lattice deformation. The entropy of
transformation and the enthalpy of transformation were calculated to be AS =
-1.34(J/mol-K) and AR = -407(J/mol) respectively from the Clausius-Clapeyron

relationship.
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59. High Resolution Electron Microscopy Observation of Twin Interfaces in
v1’ Cu-Al-Ni and y2’Au-Cd Martensites
Toru Hara, Takuya Ohba, Kazuhiro Otsuka Y. Bando and S. Nenno

Twins In martensites play an {mportant role. Type I twins {n

Type II twins In 7, Cu-Al-NI martensite are Introduced as the lattice lnvar-
fant shear. The twlinn

Ing plane of Type 1 In Au-Cd has ratlonal Indlces {111},
and that of the Type Il twin In Cu-Al-N{ has frrational Indices {1, 1.5036,
0.5036}. In general, an frrational plane such as in Cu-Al-Ni martensite |s
belleved to consist of steps and ledges. The purpose of this paper is to
clarify the structure of Type I and Type 11 twin interface by electron micros-
copy. Single crystals of Cu-Al-NI were prepared by the Bridgman method whose
surface is parallel to (011} to observe the Type II twin from the g i direc-
tion. Type I twins which are not the lattice Invar{ant shear were also ob-
served. Images of the Type 11 ¢win from the 7 direction were obtained for
the first time. Observations from various d}rectlons were also made and
confirmed that the Type Il twin interfaces are broad in contrast to sharp
interfaces of the Type 1 twins. These Images suggest that the Type 11 twin
interface is diffuse rather than steps and ledges. Structural consideration
%as made on the interface of the Type 11 t¥in. The most possibhle model has
been constructed which explains the characteristics of the ebservations. The
Type T interface of Au-Cd alloy will be also discussed at

72' Au-Cd and

the presentation.

Sol Mendelson

Phenomenological theories of martensitic transformations include Landau theory

1n the "physical” camp, and the WLR and BM theories {n the "metallurgical” camp.
By their nature, phenomenological theories lend themselves to applications which
ignore experimental data and the physics involved. For example a solitary wave
(soliton) model for motion of incoherent interfaces created by the Bain distort-
ion is meaningless. In addition to this, the formulation of Landau theory is some-
times misrepresented In order t make the problem tractable. Contradictions arise
when Landau theory is applied t. the non-degenerate displacements of the Bain dis-
tortion. The essential feature of mean field second order displacive phase transi-
tions in Landau theory 1s that both positive and negative order parameter dis-
placements (electric, magnetic, elastic} are equally favorable. These "degenerate”
displacements are represented by setting to zero all odd powers of the order para-
meter in the free energy expansion. An odd power of anr additional order parameter,
such as for a volume change relaxation, can be included for the first order aspect
of a weakly first order transition. Since the Bain distortion is non-degenerate,
its displacements are purely first order and cannot be represented by even power
terms (the essence of Landau theory) which represent degenerate displacements. In
this paper we characterize Landau, and the WLR and BM phenomenolegical theories,
and summarize their limitations. We show that Landau theory and the degenerate
order parameter displacements in the scenario of the lattice-variant-shear-theory

(LVST) are complementary, in contrast to the incompatable non-degenerate Bain
distortion.

61. Fluctuationless Mechanism for Martensitic Transformation
David A. Vul

Classical mechanism of first order transformations supposes the possibility of fluctuation
formatisn ( homogeneous or heterogeneous ) of critical nuclei of a new phase. Different
models of nucleation of a martensite make use the same ideology. In the case when such
heterophase fluctuations are blocked by kinetic reasons, there is another alternative mechanism
for structural transformations that does no! require fluctuations at all. This type of
transformation arises as a result of defect-driven instability in a strong anharmonic crystal. The
transformation begins near a defect, spreads out similar to an elastic wave and stops when the
boundary between transformed and untransformed regions is in mechanical equilibrium. As the

first example of a fluctuationless transformation, the theory of the displacive f-w
transformation is developed. It is shown that this transformation is triggered by intersuual
impurities. The proposed theory enables one to construct a phase diagram and te describe

kinetics and morphology of the B~ transformation in Zr and Ti alloys.
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The Lattice Distribution of Alloying Elements and Martensite Nucleation
in Steels
Yuri N. Petrov

The structural {mperfectiong and alloying elements distribution In
high alloyed Cr-Ni and Mn austenites with different carbon contents
has been investigeted. It ig pointed out that substitution and
intersticial alloying elements distribution strongly depend on the
nature of defect and the austenite heat treatment. The structural
imperfections are considered as F.C.C.-structure unsteadiness
regiongs which under appropriate strain and elemente concentration
conditions may be transformed into the B.C.C. and H.C.P. martensite
nucleus. The alloying elements distribution between the austenite
matrix and martensite phases are considered.

OPEN

Thermodynamics and Kinetics of Martensitic Transformations

Jordi Ortin

This fecture reviews our current knowledge of the thermodynamics and kinetics of martensitic
transformations. Since these transformations are difusionless in nature, the suvitable
thermodynamics is that of a single-component system undergoing a first-order phase transition.
In principle, all intensive quantities coupled to extensive variables that suffer a discontinuity in
the transition play the role of external fields capable of driving the transition. Reference is
made to available experimental examples: temperature, uniaxial stress, hydrostatic pressure and
magnetic field. Regarding kinetics, distinction is made between athermal (driven by a change
of external fields) and isothermal transformations. Thermoelastic transitions, undergone by most
shape-memory alloys, belong to the first category: shape changes associated with the
transformation are fully accommodated elastically, and the transformation proceeds through
a sequence of metastable states. Characteristic relaxation times between thermoelastic
equilibrium states are comparatively negligible, and for this reason the transformation can be
estudied in a continuous formalism. In this framework, the classical description of
transformation in ideal equilibrium is improved to consider the role of elastic strain energy and
energy dissipation in the transformation, and to provide quantitative methods for their
determination. Particular attention is dedicated to hysteresis, a macroscopic evidence of energy
dissipation in the transformation, and to the thermodynamic information contained in the
characteristic subloop behaviour of hysteretic thermodynamic trajectories. Possibilities of
extending this formalism to non-thermoelastic, athermal transformations (typically found in
ferrous alloys) are also discussed. The lecture concludes by establishing a comparison between
athermal transformations and the less frequent category of isothermal transformations,
exhibited by a number of ferrous alloys, and by suggesting directions of interest for further
research.

Thermodynamics of Martensitic Transformations

T.Y. Hsu (Xu Zuyao)

B sumpary of the calculation of the driving force for the martensitic
transformation and Ms in ferrous alloys and thermoelastic Cu-basgd alloys is
given, including the results of the application of the Central Atomic Model, the
confirpation of the formular expressing the non-chemical free energy for ferrous
alloys suggested by the present author and the effect of various orderings qf the
parent phase on Ms in Cu-Zn-2l alloys. Im addition, an approach for expression ot
the size effect on Ms in ceramics containing 2r0; is briefly suggested.
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66. On Some Features of Martensitic Transformation
EQ. Estrin

This report summarizes the results of numerous researches of the marensitic
transformation (MT) in different kinds of solids (ionic crystals, semiconductors, metals)
carried out under ambient and high pressures. 1t has been found that MT in all solids are
characterized by common features. Neither athermal nature of MT nor the Ms temperature
is connected directly with the foss of the parent phase stability. The Ms point occurs at a
temperature where the thermodynamic driving force is equal to the energy needed to
produce the shape deformation. The MTs failure to come to the completion at isothermal
conditions and spreading it onto a range of temperatures is not caused by exhausting of the
preexisting embryos. It is an effect of a change of the parent phase during MT and the
increase in the shape deformation work. The Mf point results from the fact that below some
temperature the thermodynamic driving force of MT ceases to grow with undercooling but
the work of shape deformation continues to increase. MT initiated by loading (both in
elastic and plastic fields) starts when the critical external stress is achieved. According o
Clapeyron-Clausius equation, the critical stress is determined by the MT shape
deformation, the MT heat effect and the difference between temperatures at which the
sample is loaded and the Ms point of the retained parent phase.

67. On Thermodynamics of Shape Memory Alloys in the Pseudoelastic
Range
fngo Muller

Materials undergoing phase transitions are characterized thermodynamically by non-convex free
energies. Such is the case in the austenitic-martensitic phase transition in shape memory alloys
in the pseudoelastic range. In such a solid-solid phase transition the coherency energy must be
considered; infact that energy accounts for the hysteresis and determines its size, sce [1].

A thermodynamic theory has been developed that is based on the concept of the non-convex
free energy and that accounts for sound emission as a loss mechanism. The theory permits the
calculation of the coherency energy and of the coefficient of sound emission from calorimetric
measurements and stress-strain measurements.

This theory is akin to ordinary thermostatics except that it must account for the fact that even
quasistatic processes are irreversible because of coherency and sound emission. The theory is
compared with the theory of Ortin & Planes [2]. Differences are explained and discussed.

(1} Miiller, I., Xu, H. On the pseudoelastic hysteresis. Acta metall. mater. 39 (1991)
[2] Ortin, J., Planes, A. Thermodynamic Analysis of Thermal Measurements in Thermoelastic
Martensitic Transformations. Acta metall. 36 (1988)

68. Thermodynamics of the R-Phase Transformation in NiTi Shape Memory
Alloys
Graziella Airoldi, Guido Riva, Giordano Carcano and A. Sciacca

The presence of the R phase in NiTi alloys is related not only to the chemical composition of the alloy,
but can be connected with a strain state, generated by the introduction of iinear defects as dislocations,
or by precipitales.

Attention is here focussed on the key characters of the R phase depending upon the way adopted o
introduce constraint, To reach this goal investigations have been performed on policrystalline NiT
wires, with the same composition, submitied to different thermal treatments of annealing or ageing.
Results show that R-phase transformation settled by the introduction of dislocations, as during thermal
cycling P-M, has a low heat of transformation and can easily be removed by a very shortannealing (¢ 2.
I' at 400°C). R-phase transformation, settled by aging at intermediate temperatures (300°C-5007C),
involves a higher enthalpy change and modifies its kinetics with ageing time.
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73.

Solid Solution Strengthening and Kinetics of Martensitic Transformation in
Fe-Base Alloys
Gautam Ghosh and Gregory B. Olson

A large body of experiinental data for athermal martensitic transfornation in bimary, and wmary Fe-base alloys; and Uie
experiment.! dawa for the activaton energy for fec —> bee martensitic nucleation in Fe-Ni, Fe-Ni-C, and Fe-Ni-Ma
alloys have been analyzed. By incorporating the theory of solid solution hardening, we have modelied the composition
and wmperature dependences of the {rictional for a martensitic interface in multicomponent abloys. The availsbie duta
suggests that the composition dependence of the athermal frictional work for the maneasitic intesface is e same as that
for the conventional slip deformation. The nonnalized activation energy Q(T)/p(T) vs nonnalized driving force
g,/ Ag) data in isothennal martensitic nucleation is found to follow the general Q-Ag relationship proposed by
Kocks et al [26] in connection willy the kinetics of conventivnal slip deformation of solid solution suengthiencd alloys.
The temperature dependence of the activation volume and the “suress equivalency” phenomena are also found w exist in

the case of isothermal martensitic nucleation. The present analysis suggests that the individual solute atoms act as
barrier to the martensitic interfacial motion.

Some Remarks on the Thermodynamical Description of the Hysteretic
Behaviour in Martensitic Transformations

Antoni Isalgue, Antoni Amengual, Francisco C. Lovey, J.L. Pelegrina and
Vicenc Torra

An elementary thermodynamical treatment for the martensitic transformation  in
SMA is developed in order to estimate the thermodynamic fisbility of the
nmeasurements. Ses, for instance, the entropy production due to the hysteresis
width. It is found that the driving force AG associaterd to the changes in  the
entropy production is coherent with the dislocations creation.

'II;lllle Thermodynamic Properties of the Martensitic Phases in a Cu-Al-Ni
oy

Clifford M. Friend, Ll. Mafiosa, Jordi Ortin and Antoni Planes

This paper presents the results from a calorimetric study on a Cu-Al-Ni single crystal alloy. The
work has used a novel microcalorimeter which is capable of carrying out measurements on
samples subjected to uniaxial tensile stress. This device has allowed the direct determination of
the enthalpy and entropy changes during both S~y and -8’ martensitic transformation. This
data has been used to produce a thermodynamic characterisation of the 8-phase/martensite o/T
phase equilibria in this alloy.

Subloop Behaviour in Thermoelastic Martensitic Transformation

Antoni Amengual, Eduard Cesari and Concepcio Segui

The martensitic ransformation in shape memory alloys can proceed through different paths inside
the two-phase (8-m) coexistence region due 1o irreversible processes producing hysteresis. Partial
rransformation cycles of Cu-based alloys are studied in this work by means of calorimetry and
resistance changes. Attention is paid to the uniqueness and to the location of the start temperatures of
the forward and reverse partial transformations.

Calorimetric Study of the Martensitic Transformation in Cu-Al-Be Shape
Memory Alloys

David Rios-Jara, Jordi Ortin, LI. Manosa, Antoni Planes, S. Belkahla and
Michel Morin

The thermodynamic properties associated with the martensitic transition of a family of composition
related Cu-Al-Be alloys have been measured by differential scanning calorimetry. Enthalpy and
entropy changes, transformation temperatures, elastic and dissipated energies and changes in specific
heat between the austenite and martensite phases have been evaluated. These measurements have
shown the eatropy change of the transition to be independent on the composition; this finding ts 1n
concordance with recent measurements for Cu-Zn-Al alloys.
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74. A Simple Mathematical Model of Two-Way Memory Effect
Yefim Ivshin and Thomas J. Pence

A coastitutive mode! for shape memory alloys, which incarpocales evolution equations describing phase transitions
betwoea austenile and two variants of masteasite, is used 10 model the two-way memory effect. The undarlying
phase transitions arc triggered both mechanically and thermally oa the basis of changes in matcrial stabilily,
consequently both stress and temperature are treated as thermodynamical driving forces. A numerical simulauon
using this model for treating a bar with a nonuniform residual stress distribution demonstrates cyclic leagth changes
upon heating and cooling. This two-way memory behavior stems from the ability of the model w0 account for
asymmetry in transitions betweea austenite and the twa variants of martensite owing 1o the nonuniform nature of &

75. Micromechanical Aspects of the Shape Memory Behaviour
Etienne Patoor, M.O. Bensalah, A. Eberhardt and Marcel Berveiller

{ir this contribution, some micromechanical aspects of the pluse transforiation mechanisms in shupe
memory alloys are presented through the influence of stored energy in the transformation
thermodynamical potential. The thermomechanical behaviour of these materials is obtained by
minimizing this potential in presence of kinematical constraints. Special attention is given o the
internal stress state associated with variant and grain interactions.

76. The Connection of Martensitic and Bainitic Transformations in Carbon
and Alloyed Steels

Vadim M. Schastlivisev, D.A. Mirzayev, Al. Baev, S.Ye. Karzunov and 1 L. Yakovieva

The temperature dependence of phase 7-o transformation on the coo-
ling rate has four steps. Transformation, occuring at II-IV steps,
has martensite character. Increasing of carbon or nitrogen contents
lowers the temperature of transformations but with different inten-
sivity, because of that steps intersect. In proeutectold steels
martensitic transformation has two steps, which differ by the stru-
cture of transformation products. Step-wise kinetics of martensitic
transformation 18 explained.

Formation of bainite for chromium and nickel sSteels 1s directly
connected with martensitic transformation. Growth of crystals of
upper bailnite 1s considered as realisation of martensite step II
under diffusion controcl at interphase boundary. Formation of lower
bainite 13 considered as diffusion-contrclled growth under constant
driving force equal 1250 J/mole, the same as for martensitic trans-
formation. In terms cof this supposition and Trivedi-Ivantsov model
of growth the quantative theory of bainite's growth was developed.
It predlicts two maxima of bainite crystals growth rate. Data on
martensitic points for Fe-Cr-N alloys are represented as well.

77. The Crystallography of the (225)r Martensite Transformation in Steels
Parrick M. Kelly

Despite its success in accounting for the crystallographic features of the (259) transformation in
steels and of martensitic transformations in numerous other alloy systems, the phenomenological
theory has never been able to provide a satisfactory, comprehensive explanation for the ferrous
martensite with a (225)g habit plane. Multiple latticc invariant shears on irrational systems,
plastic accommodation, and an arbitrary dilatation parameter have all been introGuced in an
attempt to explain (225)g martensite, but without complete success. When the habit plane is
right, the orientation relationship is not correct. Getting the orientation relationship right leads to
the wrong shape strain direction, and so on. The present paper shows that by systematically
varying the lattice invariant shear systems in a double lattice invariant shear version of the theory
it is possible to account for ALL the crystallographic features of the (225)p transformation,
including the reported spread in the direction and magnitude of the shape strain. The theoretical
predictions are based on the major component of the lattice invariant shear being (112) [111]g
twinning, but additional shears are required, some of which are on irrational deformation
systems.
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78.

79.

80.

81.

The Crystallography of Lath Martensite in Steels
Patrick M. Kelly

From a technological point of view lath martensite is the most important type of martensite
formed in stecls. Because of the difficulties of obtaining lath martensite in the presence of
significant quantities of retained austenite, the experimental data on lath martensite is not 25
comprehensive as that available for the plate-like (225)g or (259)f martensite. “evertheless
sufficient information now exists on the habit plane (close to (557)r) and the orientation
relationship (midway between the Kurdjumow-Sachs and Nishiyama-Wassenman orientation
relationships) to test the predictions of the phenomenclogical theories. Unfortunately, to date, the
theoretical predictions have not been entirely consistent with the observations. The present paper
shows that with a double lattice invariant shear version of the theory and an appropriate choice of
rational shear systems it is possible to account for ALL the known features of the (557) lath
martensite using the conventional correspondence. The values of the shape strain are rargcr
(0.25-0.45) than in the case of plate martensite, but are not excessive, In addition this theoretical
treatment can account for many of the characteristics of bainite and of Widmanstatten ferrite.

The Formation of Widmanstatten Cementite Plates in Alloy Steels
F.A. Khalid, M. Farooque and David V. Edmonds

The characteristics of procutectoid phases and bainite in hypoeutectoid steels are very similar to
those in hypereutectoid steels. The features of Widmanstatten cementite precipitation in paricular
appear identical to Widmanstatten ferrite. There is now support for the view that Widmanstatien
ferrite and bainite in hypoeutectoid steels form by a displacive shear mechanism. However, because
the residual parent austenite phiase in hypoeutectoid steels decomposes to martensite on cooling (o
room tempezature, destroying itself and the transformation interface in the process, complete
metallographic observation of the decomposition product is not possible. This is found not to be the
case in highly alloyed hypereutectoid steels. A high- Mn hypereutectoid alloy in which Widmanstatten
cementite plates can be formed and examined in parent austenite is used in the present investigation to
study basic features of morphology, substaucture and crystallography, which may help to clarify the
formation mechanism. Further deliberate additions of Si and Cu are made to the basic high- Ma alloy
composition, and the paritioning and precipitation behaviour of these elements during plate cementite
formation is studied in order to give further information on the transformation reaction. The
experimental evidence observed is not inconsistent with a displacive mechanism.

Acicular Ferrite Formation at Inclusions in Low-Carbon Steels
Peter Krauklis , F.J. Barbaro and Kenneth E. Easterling

Experimental low carbon steels with a high density of inclusions were prepared by hot rolling
weld metal deposits, and acicular ferrite formation was studied under sim- 'ated and actual weld
heat affected zone conditions by means of quantitative metallography and other techniques. It
was found that the formation of acicufar ferrite is enhanced by the presence of a suitable
distribution of inclusions above 0.4 um in size. The characteristics and amount of acicular
ferrite in the microstructure aiso depend on the prior austenite grain size and cooling rate. The
relationship between these factors and welding trial data is considered in terms of 2 simplified
quantitative model, and some thermodynamic implications of acicular ferrite formation are
discussed. Observations are also made conceming the mechanism of acicular ferrite formation,
which appears to involve intragranular nucleation of primary acicular ferrite plates at inclusions,
and subsequent nucleation and growth of smaller secondary acicular ferrite grains.

Transformation Kinetics in Superhardenable Steels
John B. Breedis and Lee J. Cuddy

The ability to harden steels to depths greater than would be predicted can result from a number of
phenomena such as secondary hardening at the relatively siow cooling rates in *he work-piece
interior, bainite hardening, or excessively deep martensite formation. The latter phsnomenon, the
formation of martensite at unusually siow cooling rates, results from extra suppression of the
higher-temperature transformation products, and is true superhardenability. A necessary condition
for superhardenability in alloy steels with moderate hardenabilities (i.e.. steels in which ferrite
formation is already suppressed) is the suppression of bainite. Bainite transformation kinetics
were examined by means of Jominy tests, isothermal-transformation studics, and controlied-
cooling dilatometry coupled with electron microscopy. Results of studies of a series of Cr-Mo
steels indicate that by careful control of steel composition, steelmaking practice, and heat trearment,
a delay in the isothermal bainite start time by a factor of at least four can be realized. ‘i hese
observations are discussed in terms of the current models of bainite formation.
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Serrated Plastic Flow in the Martensite of a Low-Carbon Steel
Shoji Okamoto, David K. Matlock and George Krauss

Sheet tensile specimen: of a (L4 pet C-1L48 pet Mn-0.27 pet Si steel were austenitized and
quenched 10 martensite, and tested between room temperature and 150°C at strain rates
between 8.3 x10* s anc 1.7 x107s". Serrated flow, characterized by localized plastic strain and
stress drops, developed after various critical uniform strains were attained in specimens tested
above room temperature. An activation energy for the initiation of serrated flow for specimens
with a critical strain of 1.8 pct was calculated ta be 77 kJ/mol (18 kcal/mol), in good agreement
for the diffusion of carbon in bee iron. The serrated flow is described and the initiation of the
serrated flow is attributed to the elimination of mobile dislocations and segregation of carbon
atoms to screw dislocations during straining prior to the onset of serrated low. At the critica!
strain for serrated flow within the gauge length of a tensile specimen, all mobile dislocations
are eliminated and the screw dislocations rendered unable to cross slip, necessitating all
subsequent plastic deformation to be accomplished by dislocation multiplication and motion in
localized deformation bands.

Effec}s of Magnetic Fields on Martensitic Transformation of Austenitic
Fe-Ni and Fe-Ni-Cr Steels at Cryogenic Temperatures
Yasushi Kurita, S. Emura, K. Fujita, K. Nagai, K. Ishikawa and Koji Shibata

Effects of magnetic fields up to 8Tesla(T), applied elastic stress and plastic defurmation on
martensitic transiormation at 4K have been investigated in an Fe-37.4wt%Ni alioy, Type J04L
and Type 316LN stainless steels. Isothermal transformat’~ s enhanced with an increase in
applied stress and magnetic fields. In Type 304L s* ' ' 1.« lensite seemed 16 be induced Ly
an 8T magnetic field from v phase but r i ,n, € martensite. An additional effect of the duplex
application of elastic stress and ar &1 magnetic field was small. The amount of delcrmation-
induced o’ martensite was increas»d by the magnetic field and was larger in Type 304L steel thanin
Type 316LN steel. The deformation-induced i "ement in the amount of &' martensite varied with
plastic strain in Type 304L and 316LN steels, which was attributed to the ¢ — o' transformation
enhanced by the magnetic field. In an Fe-37Twt%Ni alloy, the amount of deformation-induced o'
martensite was small and almost constant independent of the amount of plastic strain.

Mobility of Coherent Interfaces in Twinned Fe-Ni and Fe-Ni-C
Martensites
Kari Martii Ullakko and V.G. Gavriljuk

Tetragonality of the virgin Fe-Ni-C martensite is abnormally high. Using different expenmental
methods the authors came to the conclusion that coherency at the interphase between martensite
and retained austenite is a reason for high tetragonality in Fe-Ni-C martensites. The existenca of
stresses caused by the coherent bond was proved by neutron diffraction measurements. Duning
heating between 1 10K-170K the coherency was broken, which was evidenced by a decrease of
tetragonality and a new internal friction peak at 150K. Simultancous electrical resistivity and
magnetic susceptibility measurements made it possible to distinguish the partiaily overiapping
effects of reheat martensite formation and the break of coherency. In experiments with
deformation in situ during X-ray diffraction and intemal friction measurements the evidence was
obtained for the coherency at the interphase between martensite and retained austenite as a reason
for high tetragonality in Fe-Ni-C marntensites. Using a special two-stage cooling method it s
possible to lower M_ temperature of the disiocation martensite near 100 K. Measurements made
on these samples revealed no coherency effects, which means that the twinned s.cucture is 3
necessary condition for these effects, not the low M, temperature itselt. However, it is not a
sufficient condition, because coherency was not observed in low-M, Fe-Mn C niariensites
although they are twinned. A model in which the ordering of nickel atoms in the initial austenite
plays an important rol= of the coherency effects was proposed.
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Effect of Hydrostatic Pressure on Isothermal Martensitic Transformation
in an Fe-Ni-C Alloy at Low Temperatures
Z.L. Xie, H. Hanninen and Juhani Pietikainen

The effect of hydrostatic pressure on isothertnal mancasiuc wansformauon has been invesuyated with an Fe-21 SNi-
0.95C alloy single crysial by electrical resistivity, magneuc suscepubthity, X-ray diffracuon, optical microscopy and
transmission electron microscopy. The marteasitic ransformation starting temperature 1s lowered by apphied hydrosaug
pressure. The isothermal martensitic wansformation occurs first as a burst under a criucal pressure and is continued by
further ransformadon with decreasing the hydrostatic pressure. The criucal pressure, under which the 1sothermal
martensitic transformation stans, changes curvilinearly with decreasing temperature. The morphology of the isothenmnal
mancnsite formed under hydrostatic pressure is similar (o that of athermal martensiie. The quanutatve calculaiion of
the dependence of the applied hydrostatic pressure on Lthe manensiuc transformation staruung temperature based on the
proposal of Ficher and Tumbull (1953) is in good agreement with the expenmental results.

Invar Effect on Martensitic Transformations Under Hydrostatic
Pressure

Tomoyuki Kakeshita and Ken’ichi Shimizu

Martensitic transformation in an ordered Fe-24.0at%Pt invar alloy with $ « 0.8 ( degree of order ) under
hydrostatic pressures has been examined in the same way as in a disordered Fe-29.9at% Ni invar alloy previ-
ously examined. That is, hydrostalic pressure dependence of transformation temperatures in the Fe-Pt alloy
has first been examined by measuring electrical resistivity under hydrostatic pressures up to 1.5GPa. Then,
the atomic volume of the austenite and manensite phases and the spontancous volume magnetostriction, w,,
of the alloy have been measured by X~ray diffractions at sub-zero temperatures and by magnetization
measurements, respectively, under hydrostatic pressures. The hydrostatic pressure depeadence of transfor-
mation temperature has then been calculated by putting the measured atomic volume and w, and the bulk
modulus so far known into a new equation previously derived by the authors, and compared with the exper-
imentally examined one. As a result, the calculated dependence was in good agreement with the experimen-
tal one in the applied hydrostatic pressure range, as in the previous Fe-29.9at%Ni alloy, and thus the previ-
ously proposed effect of spontanecus volume magnetosiriction on martensitic ransformations and the newly
derived equation were confirmed to be appropriate for more wide range of invar alloys.

Copper-Based Shape Memory Alloys and Martensitic Transformation
Jan Van Humbeeck, Muthuswamy Chandrasekaran and Rudy Stalmans

The requirements and problems in selecting Cu-based shape memory alloys are reviewed. Alloys
in current use and the factors which Influence their transformation temperatures are described.
The influence of chemical factors, such as composition and the order of state of beta and
martensile are explained. The truluence of a number of other factors such as non-equilibrium
precipitation, grain refining elements, grain size and defects are also reviewed.

Improved physical stability can now be obtained by proper thermomechanical processing and by
alloying other elements such as NI, Mn. Better mechanical properties are obtained by the addition
of grain refining precipitate forming elements {B, Co, Ti, Zr). in combination with proper
thermomechanical processing.

One should however take into account that the above mentioned instabililes and the solutions to
avold them have a great influence on the martensitic transformation characteristics and thus on
the global shape memory behaviour too. In addition, some important new findings about the two
way shape memory effect in Cu-Zn-Al alloys will also be discussed.

Modelisation of the Influence of Order-Disorder State on Hysteresis of
Martensitic Transformation in a Cu-Zn-Al-Ni Shape Memory Alloy
Laurent Buffard, Pierre Charbonnier, A. Delon, C. Roucau, J. Jaud and Bernard Dubois

A modelisation of the influence of microstructural parameters on transformation temperatures
in a Cu-Zn-Al alloy leads 1o a better mastery of the hysteresis. The ordering is one of the most
important of these parameters,

We study the long distance ordering A2-B2 and B2-L.21 in a Cu25%wtZn9%wiAl alloy by
transmission electron microscopy and X-ray diffraction. The characteristic transformation
temperatures are determined by differential scanning calorimetry and resisitivity.

For a long time these temperatures have been correlated with ordering of the alloy and we put
in evidence the influence of the size of ordered domains.
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Parameter Determination for the Thermodynamic Model of Shape Memory
Cu-Zn-Al Polycrystal by Resistivity and Infra-Red Thermography
Cecile Rogueda, Christian Lexcellent, Bogdan Raniecki and A. Chrysochoos

The possible simplest thermodynamic model of pseudoelasticity has been
developed. It approximately accounts for the basic features of the behaviour of
shape memory alloys at temperature range T > A}. Two entirely independent

techniques are :J)g ed during loading-unloading tensile tests to determine the
whole set of model parameters for Cu Zn Al polycrystals, i.e., resistivity and
infrared thermography measurements.

The Effect of Load-Cycling or the Psuedoelastic Behavior in a
Polycrystalline Cu-Zn-Al Shape Memory Alloy
Noboru Ono

Polyctystal specimens of a Cu-14.3(at.} % Zn-17.0 % Al-0.14 % B alloy with M,=270K and
grain size about 120m were subjected to pseudoelastic cycling at 10K above Af, with constaut
plastic strain ranges until the pseudoelastic loop had become ncarly stable. The pseudoelastic
behavior of these specimens, as well as virgin specimens, was examined in the temperature
range fram 5 to 40K above Af, where the cliange in electric resistivity with strain was mon-
ttored. The yield stress for the virgin specimens was in fair agreement with the predictivn
made through the modified Taylor model assuming the formation of g t-martensite but that in
the higher temperature range was far smaller than the expectation. In the cycled specimens,
the temperature dependence of yield stress was linear in the whole test temperature rauge but
smaller in comparison with that for the virgin specimens. Correspoudiug to this, the resistivity-
plastic strain relation showed small but definite dependence on test tempretature in the virgin
specimens, but it did not in the cycled specimens. These results suggests that the cuntents of
martensites changes with temperature in virgin specimen. The cycled specimens are so traine
that they are the same independent of temperature.

Ductility and TWME Associated With Stress-Induced Martensite
Stability Produced by Deformation of Cu-Al-Ni Alloys
Maria A. Morris and T. Lipe

A Cu-Al-Ni alloy with manganese and boron additions has been used to induce 4 two way memory
effect (TWME) by thermal cycling under constant load. The total TWME obtained has been related 10 the
strain produced by the intemal stresses created by the formation of stress-induced marniensite that oppose
the applied stress. The existence of these intemal stresses in the trained material has been confirmed by
the larger A.-A; and M-M; temperature intervals measured during the transformation.

Prediction of Reversion Stress of Shape Memory Alloys During
Martensitic Transformation
Li Lu, Etienne Aernoudt, Patrick Wollants, Jan Van Humbeeck and Luc Delaey

Reversion stresses are generated in constrained shape memory alloys (SMA), which
are heated above A after having been deformed and unloaded at a temperature
below M. . The reversion stress increases with increasing heating tempe.ature.
How the reversion stress changes on heating can be predicted by using a malti-
element displacement model{l). According to this model the maximum reversion
stress o equals oP™ at which the martensitic transformation proceeds at the
corresponding strain. The reversion stress is not affected by the strain level
once the pre-loading strain exceeds a certain value, The predictions are in
good agreement with Madangopal’'s observations [2].
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The Two-Way Memory Effect of a Cu-Al-Be Alloy:
General Characteristics and Ageing
H. Flores Zuniga, S. Belkahla, Francisco C. Lovey and Gerard Guenin

The ability of the Cu-Al-Be alloy 1o exhibit the two way memory ceffec. (TWME) iy
demonstrated. The obtained results concerning the strain amplitude, the depeadence
with the training siress is similar to those of Cu-Zn-Al and Cu-Al-Ni alloys. A
remarkable thermal stabiliy of this TWME is demonstrated and is  quanutatively
measured at different temperatures ranging from 150°C 1o 300°C. The thermal decrease
of TWME is awibuted to localized precipitation on (raining dislocations which occurs
well before the generalized precipitation leading 1o the martensitic wtansformadon
degradation.

Acoustic Emission Study of Thermoelastic Martensitic Transformation in
Cu-Al-Ni Alloys
Katsuro Oda, I. Takahashi, S. Tamaki, Kazuhiro Otsuka and Tetsuro Suzuki

The thermoelastic martensitic transformation bgtween the parent
(B;) phase and martensite (Y,') phase of Cu-13.7wt%Al{4.0wt%Ni and Cu-
14.0wtXAl-4.0wt%Ni single crystals were investigated by acoustic
emission (AE) measurements. When cooling the solution treated
specimen, weak AEs were observed at temperatures 20-30K above the M
temperatures. In order to clarify whether these emissions are due to
transformations from B; to ﬁl' Phase or to precursor phenomena for the
martensitic transformation, AE measurements were performed on the
tempered specimens in which no transformation from gl phase to Y,
phase takes place. No AEs were observed above the Ms temperatures.
From these results, it is concluded that these AEs are due to the B,
to Bl' transformation, and consequently 4§t is presumed that no
precursor phenomena exist for the Cu-Al-Ni alloy.

The Reverse Martensitic Transformation in Cu-Al-Ni Shape Memory
Alloys
Aaron D. Cockerill, Noel F. Kennon and Druce P. Dunne

In situ optical microscopical investigations were carried out to observe the reverse Y martensitic transformadon in

Cu-Al-Ni shape memory alloys. The most significant of these observations showed that the path of the teverse
transformation frequently differed from the path for the forward transformation and that, the reverse vansformaton
always regenerated the original parent phase. An effective method for elevated iemperature polishing of the alloys was
developed to facilitate the study.

Shape Memory Characteristics in P/M Cu-Al-Mn-Ni Alloys
Norihiko Nakanishi, Toshihiko Shigematsu, N. Machida, K. Ueda, H.
Tanaka, T. Inaba and O. Iwatsu

Shape memory characters with ferromagnetic property were studied in Cu-Al-Mn-Ni alloys
fabricated by the powder metallurgical method. The results obtained are: (i) Ms, Mf, As and Af
behaved linearly against the aging time at 433 K and the increased range was up to about 15 K. (ii) A
simultaneous measurement was made between the stress-strain relation and acoustic emission (AE)
counts, (iii) The critical temperature corresponding to a reaction, DO3-rich phase4L2}-rich phase
single phase, was moved from 525 to 540 K associated with the increase in aging time at 433 K and
a gradual increase in the enthalpy value was observed. (iv) Shape memory behavior in the stress.
strain curve was confirmed.
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Training of Copper Based Shape Memory Alloys
Rudy Stalmans, Jan Van Humbeeck and Luc Delaey

The development of the two way memory effect (TWME) during training is accompanied
by concomitant effects such as residual strains of the hot shape (either due (o plasuc
deformation or due to local martensite stabilization), and shifts of the transformation
temperatures, In the present study, the refationships between the training procedures, the
TWME and the concomitant effects are quantitatively determined. Although plastic
deformation and local martensite stabilization are frequently mentioned as necessary
prerequisites to the TWME, the results show that those effects have to be considered as
side-effects of “"overtraining”. By the proper choice of the training paramelers those side-
effects can be minimized. It was also found that the stability of the TWME increases with
the number of training cycles, that the TWME can withstand considerable forces during
cooling, and that thermal cycling, when preceding the training, diminishes the maximum
attainable TWME. Those results indicate that transformation cycling stabilizes a
martensite formation path. In contrast with the path stabilized by thermal cycling, the
martensite formation path stabilized by thermomechanical cycling (training) corresponds
with a macroscopic shape change and thus a TWME. This mechanism of path stabilization
suggests that the TWME is directly determined by the shape change induced duning
training. This suggestion was confirmed by experimental results for several kinds of
training procedures,

Effect of Thermal Cycling on Transformation Behavior of Rapidly
Solidified Cu-Al-Ni-Cr Shape Memory Alloy Ribbons
Horng-Show Koo

In academic terminology, shape memory effect which existed in certain specialty
alloys {s a reversible thermoelastic martensitic transformation. The cccurrence
of this transformation i{s activated by applying thermal energy. Thermal cycling
is a deserved attention problem for pratical device application. The effect of
thermal cycling on the shape memory behavior and microstructure of rapidly
solidified Cu-Al-Ni-Cr alloy have been exasmined by means of the four-probe
resistivity measurement and scanning and transmission electron microscope. Cu-
11.7 wtRAl- 3,78wtsN{-0.15wt8Cr alloy ribbon was produced by the meltspinning
technique. The width and thickness of the shape memory ribbons are sbout 15 mm
and 65 pm. It was found that as th number of thermal cycling increased, the
transformation temperature of M, and M, shifted to higher temperature and the
temperature of A, and A, decreased to the lower temperature range. On the other
hand, when the shape memory alloy ribbon was thermally cycled between 77 and
350K, the amount of dislocation in the alloy ribbon increased with increasing the
number of thermal cycles.

The Influence of Yttrium Additive on Shape Memory Behavior of Cu-Al-

Ni Alloy
Fu-Hsing Chen

Up to the present time, there have been three major types of copper-based shape
memory alloy : Cu-Zn-Al, Cu-Al-N{ and their derivatives such as CuZnAlX or
CuAlNiX ( X:Ti, Zv, Mn, V, B etc. ) for practical application. As compared with
the nickel-titanium shape memory alloys, copper-based shape memory alloys exhibit
feasible processing, excellent workability and economy, but its strength, anti-
corrosion and fatigue i{s not so good that some of improvements for the mechanical
properties must be performed. In general, some characterf{stics, strain-memory
recovery, strength and resistance to thermal and corrosion, of the CuAlNi alloy
have been confirmed to be better than the CuZnAl alloy. The fators which effected
the mechanical properties of copper-based shape memory alloys are dominately the
intrinsic properties of high elastic anisotropy and its large grain size. In this
paper, we studied the effect of yttrium additive and heat treatment on the
mechanical and transformation behavior of Cu-Al-Ni alloy. It was shown that the
grain size decreased with {Increasing the addition of ytetrium. Then, the
transformation temperature slightly varied with Iincreasing the content of dopant
and aging treatment. The magnitude of strength and workability of quarternary
CuAlNiY slloy is more than the ternary CuAlNi alloy. The crystal morphology and
microstructure of CuAlNi and CuAlNiY alloys were also investfigated.
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Microstructural Development Related to Phonon Anomalies Leading to

Displacive Transformations in Metallic Phases
Lee Tanner, Dominique Schryvers, Simon C. Moss, J.D. Axe, C. Marvin Wavman.
Steven M. Shapiro, Y. Noda, Y. Yamada, Adam Schwartz and M. Wall

The phonons of crystalline phases (pure metal and alloyed) that undergo first-order displacive
transformations on cooling exhibit anomalously Jow energies along those branch(es) related to the
atomic displacements of the ensuing structural changes. Present at elevated temperature
equilibrium, these effects become more pronounced as T-3T, (or My), the bulk transformation
temperature, though the "softening” is n2ver complete at T, . The coupling between the softened
phonons and local parent lattice distortions (defects) sets the stage for heterogeneous nucieation
{Phys. Rev. B 44, 9301 (1991); Ultramicroscopy, 37, 241(1990)]. HRTEM and neutron
scattering observations of Ni-Al, Ti-Ni-Fe, Ti-Pd-Fe, Ti-Pd-Cr. Ti-Mo and Zr-Nb transformagons
illustrate the foregoing and will be discussed in terms of nonclassical heterogeneous nucleation
theory.

Heterophase Fluctuations and Exact Thermodynamics of a First-Order
Structural Phase Transformation
James R. Morris and Robert J. Gooding

It bas been well established that for some martensitic transformations (e.g., bcc — hep in the
Group IV metals) the dominant contributior to the latent heat at a first-order structural
transformation is due to the change of phonon entropy. This changs is due to the increase of
elastic constants below the transformation temperature, i.e., from a f-cubic structure with a low ¢’
clastic constant to the stiffer martensitic phase. We have studied the exact thermodynamics of a
model which mimics these systems. Except for temperatures very near the transformation
temperature, the system is described extremely accurately by a renormalized harmonic theory. The
high-temperature phase is stabilized by the high phonon entropy owing to low-lying phonon
branches. We show that for a defect-free system in equilibrium, heterophase fluctuations can only
occur in small crystallites, in agreement with experiments in high-purity bulk samples. Dynamic
structure factors calculated using molecular dynamics simulations of the model show sharp phonon
peaks, as well as a central peak. Furthermore, in the cocxistence regime, we see peaks
corresponding to both high- and low-temperature phase phonons, in agreement with recent neutron
scattering experiments on Nig2 sAl37 5.

A Thermodynamical Consideration of the Tweed Structure of Martensite
Francisco Eichi Fujita

The tweed structure, which appears in various materials as precursory electron
microscopic image in the temperature range of same tens degrees above the
M_ temperature of thermoelastic martensite transformation, is theoretically
tPeated by a statistical thermodynamics taking account of the local medium
range order structure. The result of calculation shows that the tweed
structure rising from the martensite embryos of a few nanameter size can
ippear far above the M temperature and that the size and distribution of
small static lattice distortions in and around the embryos revealed by
ordinary electron microscopy, high resolution electron microscopy and X-ray
diffraction can well be explained. The theory also shows that the precursor
phenaomenon in the thermoelastic martensite transformation is quite analogous
in some respects to the medium range order clustering, that is the crystalline
embryo formation, in liquid above the solidification temperature.
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Pretransformation Twinning in Indium Based Alloys
Manfred Wurnig

Modulated Structure and Martensitic Transformation in Fe-28.10 Ni-5.19
Al-0.36 C Alloy
J.S. Lee and Woong-Kil Choo

The tweed microstructure changes of Fe-28. 10wt%Ni1-5. 19wt %A1-0.36wiRC alloy have been investgated
afier aging at 973K. Both the transmission electron and the high resolution microscopes have been employed
as investigation tools. The development of the diffuse scaltering in diffraction patterns and the
accompanying modulated images above the martensitic starting temperature is intimately related o the

premartensitic phenpomena.

The Origin of Martensitic Transition in TiNi
Frederick E. Wang

It was shown in 1965 {1] that the unigque martensitic transition with 'memory" effect occurring
in TiNi is expandable linearly into TiCo aad TiFe. Further, it was dcxponstra:cd through X-
ray that this linear relationship for the 3-d transition elements existing in TiNi (Co, Fe)
actually extend into 4-d 2] and S-d [3] series of elements such as Zr-Ru (Rb, Pd) and Hf-
Os (Ir, Pt). We show here that these relationships can all be reconciled by considering the
d-orbital electronic configurations in these clements. In this maaner, the fundamental causce
for the unique martensitic transition in TiNi (Nitinol) may be understood.

Factors Determining B2 Phase Stability in Ti-Based Compounds
Svetlana A. Shabalovskaya

Binary ore quasi-binary compounds TiMe ( where Me stands for Fe, Co, Ni, Pd, Ptand Au, or Ni
with one of the above metals ) with the B2 (CsCl) structure are known 1o undergo marteasitic
wansformation of two types: B2-B19'(B19) and B2-R, with an intermediate precursor charge-
density-wave incommensurate phase IS. Analysis of both experimental and theoretical data
enabled us to establish empirical relations between the transformation temperatures: Mg (B2-
B19)and fundamental parameters of both electronic and ¢rystal structures of the compound, such
as the lattice parameters, the shift of the d-band in the compound with respect to the pure Me, the
compounds d-band width, the Ti site-projected d-densities of states at the Fermu level in the
compound and BCC Ti, and the temperature of § - « allotropic transformation in pure Ti. This
correlation is based on localization of the Me d-bands in the compounds. As a result the Me-Me
interaction becomes less important, and the interatomic interaction are controlled by d-d (Ti-Ti)
and p-d (Me-Ti) bonds. The Fermi leve} are dominated by the Ti d-states, which contro! the lattice
dynarnic as well. The latter is also reflected in closeness of the C' moduli and similar values of the
phonon frequencies in Ti and TiNt compound.
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The Structure Factors, Charge Density and Debye-Waller Factors of
Martensitic Ni-Rich BNiAl
Alan G. Fox and M A. Tabbernor

The low-angle X-ray structure factors and Debye-Waller factors of a mantensitic Ni-37.5 at. % Al alloy
were accurately measured by the critical voltage technique in high energy electron diffraction at various
temperatures. These measurements show that there is a large static contribution to the mean-square
displacements of these alloys from both Ni antistructure atom defects and from the ‘atomic shuffles’
associated with the @ phase. In addition, the Debye-Waller factors of this alloy vary very slowly with
temperature as many phonons have been trapped by the antistructure atom defects. The low-angle
structure factors appear to be very little affected by changes in the charge density due to alloying except
for the {200} reflections which are reduced by about 2%. A Fourier analysis of these reduced
{200] structure factors indicated that bonding in this alloy arises as a result of depletion of electrons
from both the nickel and aluminum atomic sites with large amounts of electron build-up in nearest-
neighbor (n.n.) (<111>) directions. This suggests that bonding in this alloy is essentially covalent.
Further analysis indicated large amounts of depletion of electrons between second n.n. atoms and thus
significant ionic repulsion in <100> directions. These results show that the crystal potential in <111>
is 'hard’ and in <100> 'soft’; this explains why the anisotropy factor, 2C44/(Cyy - Cy2). for this alloy
is very large (about 8.0) and the shear constant, (Cyy - Cy2)/2, very small (near zero as Mg is
approached). These resuits possibly represent the first experimental corroboration of the hypothesis

that soft phonon modes associated with [011](011) shear waves have their origins in ionic repulsion
effects of the sort first proposed by Zener in 1947,

NMR Study of the Martensitic Transformation in Ni-Al and Ag-Cd
Alloys
Silvia Rubini, C. Dimitropoulos, F. Borsa, D.R. Torgeson and Rolf Gortthardt

1Al Nuclear magnatic resonance and relaxation measurements are presented for Ni-Al alloys of
different composition (from 37at.% Al to 38at.% Al) in samples of different particle sizes and
subjected to different thermomechanical treatment.The Al Knight shift changes by about
10% on going from the austenite to the martensite. In the temperature interval between Mg
and Mr the NMR spectrum is analyzed in terms of the superposition of two resonance lines
belonging to the two coexisting phases. The temperature dependence of the " Alspin lattice
relaxation rate follows a Korringa-like behavior. Measurements of magnetic susceptibility and
of low temperature specific heat are also presented and analyzed together with the I'" 1R resuits
to gain information about the electronic structure of the alloy and its changes at the martensitic
transformation. An analogous investigation is presented based on ''?*'"'"Cd NMR in a Ag-47at%:
Cd alloy. The present resuits in the binary alloys are discussed and compared with the previous
investigation in a ternaty Cu-Zn-Al alloy {1]

{1] S.Rubini, C.Dimitropoulos, R.Gotthardt and F.Borsa, Phys. Rev. B 44, Aug.91

Neutron Scattering Studies of the Structures and Lattice Dynamics of the
Alkali Metals
Harold G. Smith, R. Berliner and J. Trivisonno

The crystal structures, phonon behavior, and pre-martensitic behavior of Li, Na, K, Rb, and Cs as a
function of temperature and pressure (Li, Na, Rb, and C;)}:u'e reviewed. Li has bpcn shown (0
partially transform to the 9R (Sm-type) structure in the vicinity of 75 K and then partially to fcc on
annealing. Its T increases with applied pressure. Na, on the other hand, partially qansforms toa
mixture of 9R and nearly hexagonal R-polytypes, which approach hcp on annealing. Iis Tcis
rapidly suppressed by application of modest pressures. No martensiuc or pre-martensitic
ph%no?ncn(?rﬁ or phono);x aﬁgmaly, has been observed in K down 10 5 K. Also, a search for CDWs
in the vicinity of (110) has been inconclusive. Similar negative results have been obtined for Rb.
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HOA. Pre-Martensite Observations Using Thermal Expansion
Trevor R. Finlayson and T.F. Smith

Measurement of the thermal expansion coefficient using capacitance dilatometry has proved
to be a most convenient method with which to observe pre—transformation phenomena. In
this paper a summary of results found for single—crystais of In~Tl and Ni—Al, and for
polycrystalline Al5—structure compounds, V3Si, Nb3Sn and V3Ge are described. Anisotropies
in expansions within the cubic phases for these materials are interpreted as pre—
transformation departures from cubic symmetry which are influenced by stresses, either
applied externally or, as are the cases for V35i and NbySn, present as residual stresses in the
materials. A small degree of anisotropy found for non-transforming V;Ge, indicates some
departure from cubic symmetry on a microscopic scale.

110. Dynamic and Static Precursors of Displacive Transformations
Winfried Petry

In spite of the dominating first-order character of martensitic transformations recent neutron scattering
experiments show a variety of precursor phenomena of static, as well as dynamic nature. In pure
meials like those of Group 3 and 4, viz., Sc, Y, La, Ti, Zr and Hf, the bcc parent phase is
characterized by a valley of low-energy phonons, the displacements of which correspond to the very
ones needed for the transformations into the low-temperature or high-pressure product phases. In
alloys, e.g. Ni(1-x)Tix (x=0.5) and Ni(1-x)Alx(x = 0.32-0.40), similar transformation-related low-
energy or large-amplitude phonons are found as well. In addition, and different from the pure
elements, increasing elastic diffuse scattering is nbserved in the alloys on approaching the
transformation from high temperatures. This diffuse scattering is located in Q-space where the soft
phonons are observed and is directly related to the product phase structure. Information that this
elastic precursor scattering is possibly defect-driven comes from experiments with dilute alloys of Zr
with solutes of Co, Nb, etc. A review of recent neutrons scattering experiments will be presented : i)
emphasizing the role of low-energy phonons in stabilizing the parent phase by increasing entropy, ii)
revealing the importance of low-energy phonons at large ¢ in driving the transformation, and 1ii)
demonstrating the role of defects as centers of strained domains which are embryos of product-like
distortions within the parent phase. Finally, a comparison with new first-principle calculations of the
phonon softening at martensitic transformations will be presented.

111. Martensitic Transformations in Ceramics
Barry C. Muddle and Geoffrey R. Hugo

Although the occurrence of martensitic transformations in ceramic materials has been well recognised
for many years, it is only in the last decade that they have achieved prominence. This recent interest
has arisen primarily from the recognition of the technological importance of the stress-activated
tetragonal (t) to monoclinic (m) transformation in zirconia-based ceramics and its role in affording
useful plasticity and toughness to an important range of engineering ceramics. Attention has also
been drawn to suggestions that the twinned orthorhombic superconducting phase in the high T,
superconductor YBaCu3O7.x may be the product of a martensitic transformation. The present
review will thus focus on these systems, beginning with an assessment of developments in
understanding of the tetragonal to monoclinic transformation in zirconia and zirconia-containing
alloys. The applicability of the crystallographic theory to the t to m transformation will be examined
critically and the results interpreted in terms of their significance for models of transformation
plasticity and transformation toughening. Progress in the investigation of other ceramic systems with
potential for transformation toughening through stress-activated martensitic transformation will also
be discussed. The characteristics and crystallography of the tetragonal to orthorhombic
transformation in the superconducting oxide YBayCu30O7.x will be critically assessed and evaluated in
terms of their compatibility with those criteria normally considered indicative of a martensitic
transformation.
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* 112. Neutron Diffraction Study of the Martensitic Monoclinic-to-Tetragonal
Phase Transformation in Zirconia ZrQ?

Friedrich Frey and H. Boysen

The importance of structure refinements in the study of
martensitic transformations is emphasized. Corresponding neutron
powder measurements were evaluated for the m-t and the t-m
transformations in pure ZrO,. From the evolution of the structur-
al parameters with temperature we conclude a displacive precur-
sor of the martensitic m-t transformation with likewise differ-
ent lattice correspondence. An equivalent two-stage process is
absent in the reverse direction. The transformation intervals in
the forward and reverse direction are 600 and 150 K, respective-
ly. Overall microstrains are present in both phases with a mini-
mum in the coexistence region. These are traced back to subgrain
structures consistent with disordering in both phases. Remark-
able macrostraining was only observed during the m~t transition.

113. Application of the Crystallographic Theory to the Tetragonal-to-
Monoclinic Transformation in Ceria-Zirconia
Geoffrey R. Hugo and Barry C. Muddle

The single shear crystaliographic theory has been applied (0 the tetragonal (1) — monoclinic {m) transfonnation
in ZrO—~12 mole% CeO;, using a lattice correspondence (LCB) for which ¢;~+8,,. The solutions to the theory
are characterised by very small magnitudes (0.003-0.006) of lattice invariant strain (L1S) and almast identical
predictions of habit planc and orientation relationship for a range of possible LIS systems. The solutions for the
habil planes clusier about rational poles of the ‘orm (130), and (11,1,0), and arc consistent with those observed
experimentally. The predicted orientation relationships are significantly closer 10 the exact rational relationships
reported than those predicted ‘or a previous application of the crystaliographic theory 10 t-»m transformation in a
Zr0>-MgO alloy. The very small magnitudes of LIS predicied for the present system suggest the possibility that
the LIS could be accommodated elastically, rather than by slip or twinning, and the implications of this
possibility are discussed.

114. The Diffusionless Cubic-to-Tetragonal Transition in Zr02-R203
Systems (R: Rare Earths)

Takera Sakuma, T. Seki and T. Yamamoto

It has originally been proposed that the diffusionless cubic-to-tetragonal {c-1) transition in zirconia
is of martensitic type. Present authors’ group has later pointed out from microstructural
examinations in Zr0,-Y,0, that this transition is not a simple martensitic transforination as has
generally been accepted. but has a nature of second-order phase transition. The nature of this
transition, however, is still in controversy. In this study, the microstructure formed by this
transition were examined in several ZrO,-R,0,, where R is trivalent cations of rare earths. The
principle interest was to survey whether or not the microstructural features and the nature of
diffusionless c-t transition are different with the type of trivalent cations. This transition
accompanied the initial generation of domain structures and subsequent twin formation in some
Zr0O;-R ;05 as well as ZrO,-Y,0,. On the basis of microstructural examinations, the nature of this
transition will be discussed in this paper. The discussion will also be made on the relationship
between the nature of this transition and the c-t equilibrium.

115. Effect of Grain Size on the Martensitic Transformation in CeQ32-TZP
(Tetragonal Zirconia Polycrystals)
Motozo Hayakawa, H. Shinmen and Muneo Oka

Grain size dependence of martensitic transformation was studied using 12mol%CeO,-
TZP(Tetragonal Zirconia Polycrystals) with the grain sizes between 1.3 and 14 um. In
addition to the usual M, and A,, M?¢(the critical temperature where transformation
yielding starts) were measured through bending tests. The stability of the parent phase
as measured by these characteristic terperatures decreased significantly with the increase
of grain size. Apart from the characteristic temperatures, the most significant change
with the increase of grain size was a decrease in the harduness. Correlation between the
average strength and the stability agaiust the martensitic transformation was suggested.
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116. Morphology and Crystallography of Martensitic Product in a Ceria-
Zirconia Alloy
Xiuhua Zheng and Ron Stevens

The martensitic transformation in tetragonal grains in a ceria—zirconia alloy has been stu.
died using transmission electron microscopy. Two distinct morphologiss of monoclinic
product and the corresponding orientation relationships between the tetragonal and
monoclinic phases are observed in the transformed grains. The first morphology is such
that comprising parallel—sided monoclinic plates which are twin related on (110),,. In this
case, the transformation occurs by the alternative re—nucleation and growth of two twin—
related variants parallel to a (110),, twinning plane. The orientation relationship between
the two phases is given by (110),// (110),, and [1710],// [170],. In the second case, the
monoclinic phase takes the form of needle—like plates which form by single plate growth but
in a twinned relationship. The monoclinic variants with approximate (40t), and (407)(
habit planes have a (100),, conjunction twinning plane. The orientation relationship ob-
tained ts (100),// (100),. and [010],// [010),,. The influence of the tetragonal grain size on
the martensitic transfor ation in this material is briefly discussed.

117. Transformation Mechanisms in Dicalcium Silicate and in Other Ceramics
YJ. Kima  Waltraud M. Kriven

Five polyrir- " have been reperted for the pure dicalcium silicate (CazSiOa)---«, a'yy, a',

f and y. F um structural and microstructural characierizations of polycrystalline samples of
pure CazSiO4. Ba-stabilized CazSiOs and  CazSiOs-dispersed in  ccramic  matrices,
tra .sformation mechanisms of these polymorphs were studied by XRD and TEM. Throughout

the whole transformation scquence, a symmetry clement of 2/m were conserved. Thea — o' i
(Pmen?) transformation generated three rotation-related domains, which suggested the

existcnce of 2 6/m symmelry element for a, with a space group of P63/mmc as among threc
possible space groups (P63/mmc, P63me or P3m1). In this case, the a —» o'y transformation
is ferroclastic. The a'y — o'y, (Pmen?) transformation is known to be related o the ordering
of Ca?* ions or rigid SiOy tetrahedra. Two superlattice structures of o' ;_have been observed in
this study: the x2a,2b-type and the x3c-type. The a'y, — f (P2,/n) transformation also
generaled two twinned domains, (on {100} and {001}), and is also possibly ferroclastic. The
f — v (Pcmn) transformation, accompanied by a large volume increase (~12%), was stress
induced. The strains built into §§ by the previous ferroclastic transformations, as well as the
strong repulsive forces between Si4* and Ca2* ions are suggested to be the major driving
forces for the § — y transformation.

118. Analysis of Creep-in-Tension Data on Mg-PSZ
W.J. Batchelor and Trevor R. Finlayson

Mg—PSZ has been observed to creep at room temperature in uniaxial tension. The measured
plastic deformation contains contributions {rom both phase transformation and microcracking,
the latter being in evidence through a reduction in Young’s modulus. A method is outlined
which enables the measured strain to be separated into contributions from phase
transformation and microcracking. Comparison is made with the predictions of the shear
dilatation model of Chen and Reyes—Morel (1986) for plastic defor.nation. Relatively poor
agreement with this model, has prompted the proposal of an alternative, based on the
crystallography of the tetragonal + monoclinic transformation given by Muddle and Hannink
(1986), and extended to include some stress—induced, tetragonal ~ orthorhombic
trans{ormation.

74




-

119. Martensitic Transformation in Twinned Tetragonal ZrO2 Precipitates in
Y203 Partially-Stabilized ZrO2 (Y-PSZ) Single Crystals
Julian Martinez-Fernandez, M. Jiminez-Melondo, A. Domingue:-Rodriguez and
Arthur H. Heuer

Mosaic-like monoclinic ZrO; particles have been found by TEM in 3.4 m/o Y703 partially-stabilized
ZrO; (Y-PSZ) single crystals aged for 150 hours at 1600 °C. These particles transformed from
tetragonal symmetry during TEM examination; the parent phase existed as internally-twinned
precipitates which had formed during aging. Those monoclinic particles show (100) and {110]
transformation twins, and the twin variants have uniform thickness. The lattice correspondence and
transformation modes operating are discussed.

120. Crystallography of the Cubic to Tetragonal Transformation in Lead Titanate
Single Crystals
Chen-Chia Chou, Kunio Wakasa and C Marvin Wayman

The cubic to tetraganal (C/T) transformation of flux-grown lead titanaie single crystals has been investigated using
optical microscopy (OM), transmission clecuron microscopy (TEM) and clectron and X-ray diffraction. Theoretical
calculations on transformation characteristics based upon the martensite crystallographic theory of Bowles and Mackenzice
were also carried out.  Habit planc between the parent and the product phases were studied by “freczing” the (wo phases
during transformation using in-situ hot-stage OM. The habit planes vary within a certain range. Not only different
specimens show this reaf variation, but also the same specimen under different wansformations follows this, indicating
the importance of local arrangements near the habit plane interfaces. With only a minute change of lattice parameters in
calculations, it is shown that experimental daia appear to be consistent with calculated results, if one considers lattice
parameter variation. The results imply that the martensitic crystallographic theory applies. Discussions on the
microstructural feawres as well as previous work on perovskite materials are presented.

121. The Alpha to Beta Transformation in Stoichiometric Nickel Sulfide
B. Kim, Chen-Chia Chou and C . Marvin Wayman

'I?xc forward (alpha to beta) and reverse transformation characieristics of NiS have been swdied using the hot-stage x-ray
dgffmct;on, hot stage optical microscopy, dilatometry, and electrical resistivity measurements. The hot-stage x-ray
dxffracu9n pattems confirmed the structural change from beta o alpha during the heating cycle and alpha 1o beta during
the cooling cycle. The structural change of NiS was observed as surface relief through hot stage optical microscopy.
Both qac dilatometry and resistivity measurements revealed a large hysteresis, spanning a temperature range of
approximately 200° C. The shape of the hysteresis resembled those found in martensitic materials and shape memory
alloys. Also, from the dilatometry measurements, the volume change associated with the transformation was calculated
1o be approximately 4.7%. All experimental results appear to fit the characteristics of a martensitic transformation.

122, Effect of Stress on Bainitic Transformation in Fe-Si-Mn-C Steel
Akihiro Matsuzaki, Harshad K D H. Bhadeshia and H. Harada

The effect of uniaxial stress on bainitic transformation is investigated in a Fe-C-Si-
Mn steel. A technique has been developed to simultancously monitor the
longitudinal and transverse strains that arise during the isothermal formation of
bainitic ferrite. The measurement of more than one strain has permitted the
deconvolution of the volume change due to bainite transformation, and
transformation plasticity components thereby permitting the crystallographic or
stress-induced anisotropy of the microstructure to be evaluated. The experiments
have been conducted using a silicon-rich steel in which bainitic reaction is not
accompanied by the formation of carbides, which can in principle complicate the
interpretation of data. It is demonstrated that the transformation behaviour is
strongly affected by compressive stress. It is also observed that bainite
microstructure of the steel transformed vnder stress is much more strongly aligned
than that transformed without stress, which implies that the stress can enhance
and/or suppress the formation of specific crystallographic variants. These results
are discussed in terms of the thermodynamics and mechanism of the bainite reaction
in steels.




123. Effects of Elastic Stress on Bainitic Transformation in a 0.4C-2Mo Steel
Koji Shibata, Toshifumi Hori, K. Asakura and A. Ohmori

Effects of elastic tensile and compressive stresses on Bs of upper bainite were examined and
compared with effects on v — a transformation start temperature (Fs) and with expected effects
on Ms using a 0.4C-0.5Mn-2M0-0.0008B steel. The Bs and Fs were measured during cooling
at 10°C/min and at 2°C/min, respectively, in a furnace attached to a single specimen double
lever creep testing machine. Tensile and compressive stresses of 4kgf/mm? and 2kgf/mm?® were
applied on specimens from 650°C for Bs measurements and from 770°C for Fs measurements
during cooling, respectively. Effects of the stresses on Bs and Fs were examined by dilatometry
and optical microscopy. Although it was observed that the tensile stress increased Bs, a clear
increase in Bs by the compressive stress has not been detected. From the viewpoint of thinking
that the nucleation of bainite is martensitic, this fact is difficult to be interpreted at the present
stage. Effects of the stresses on Fs were similar to those on Bs. However, a fairly large creep
deformation was measured at 800°C under 2kgf/mm? Hence, such a creep deformation or certain
accomparying phenomena might affect the v — o transformation.

124. Upper Bainite Transformation in an Fe-2%Si-0.6%C Alloy
Kaneaki Tsuzaki, Aki Kodai and Tadashi Maki

In order to clarify the growth mechanism of the ferritic component of bainite, the bainite
transformation during isothermal holding at 723K in an Fe-2.01%Si-0.59%C alloy (mass%)
has been investigated by means of transmission electron microscopy. Carbide-free bainitic
ferrite forms in the initial stage of transformation. Laths of the bainitic ferrite are in
parallel one another and separated by carbon-enriched retained austenite. Both the bainitic
ferrite and retained ausfenite involve a large number of dislocations. The orientation of the
bainitic ferrite laths is identical within a bainitic packet consisting of parallel laths. The lath
width does not change during the subsequent isothermal holding. In the later stage of
transformation, carbide plates form in the austenite between bainite laths in a bainitic packet
and the carbon content of the austenite is decreased. Subsequently, dislocated bainitic ferrite
laths form in the austenite and the transformation is completed. The orientation of the
bainite laths formed in the later stage of transformation is different from that of the initially
formed bainite laths in a bainitic packet. The present results strongly suggest that the bainitic
ferrite develops by a displacive mechanism rather than by the diffusional mechanism.

125. Bainitic Intermediate Microstructures of Very Low-C Steels
Toru Araki, Koji Shibata and Hirooki Nakajima

The complicated intermediate microstructures {Zw), transformed in the
temperature range between the typical reconstructive/diffusional ferrite, ap,
and the bcc fath martensite, a 'm, of very low carbon low alloy steeis were
reexamined as an activity of the Bainite Committee in Japan, in particular
focusing on the continuously cooled microstructures. After investigating a
large number of micrographs of such steels together with various influencing
factors the obtained knowledge was analyzed: 1) With the carbon content below
0.02%, i.e. solubility of C in a of 2% Mn-Fe, the matrix Zw-phases formed below
Ts' temperature by a C-invariant manner are reasonably classified into three
wide categories: massive(-like) @ q, Widmanstdtten g w and baiaitic 3_:_1/_5_1 .
_2_) By continuous cooling, a allotriomorph can successively grow as ¢ q, aw,
afterward leading to @ °s being effected by recovery phenomena. 3) Inheritance
of the prior 7 -grain boundaries to the @ phases is an information to discrim-
inate the nature of various Zws. 4) Deformed and unrecrystallized 7 gives rise
to a more variety of combination of Zw- g phases due to enhanced nucleation
sites for varied modes of formation. 3) An atomistic model of semi-displacive
/diffusional transformation for Zw was proposed. The interface of transforming
7 - a phases postulated as a lattice junction region of 7 -bct to g -bcc with
‘the mutual (101} plane will trap C-atoms in the straining and defected lailice
and influence the transformation behaviors and partitioning of carbon into 7.
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126. Relationship of Bainitic Microstructure to Impact Toughness in Cr-Mo and
Cr-W Steels

Ronald L. Klueh and D .J. Alexander

Habraken and Economopoulos (H&E) demanstrated that bainite microstructures developed
during continuous cooling of low-carbon alloy steels were different from upper and lower
bainite developed by isothermal transformation. Two of H&Es non-classical bainitic micro-
structures have been produced in a 3Cr-1.5Mo-0.25V-0.1C steel by using different cooling
rates from the austenitization temperature: when quenched, a carbide-free acicular bainite
formed, and when air cooled, granular bainite formed. Charpy impact properties were
determined on the quenched and air-cooled steels and after they were tempered. Before
tempering, the quenched steel had the lower ductile-brittle transition temperature (DBTT).
After tempering, the DBTT of both the quenrched and air-cooled steels decreased and
approached a common value. However, the final value was obtained with a much less
severe temper for the quenched steel than the air-cooled steel. A similar observation was
made with respect to upper-shelf energy for the different cooling rates. This behavior for
carbide-free acicular bainite and granular bainite was also observed for several Cr-W steels.
These results indicate that by the proper choice of bainitic microstructure, it is possible to
develop steels with optimized strength and toughness.

127. Theoretical Investigation of the Bainitic Transformation in Copper-
Based Alloys

Kanzaburo Marukawa

The atomic mechanisnm of the bainitic transformation in Cu alloy has been
studied theoretically with the intention to solve the apparent dual nature of
this transformation, i.e., features of shear transformation and diffusional
phase decomposition. The results are as follows. (1)Bainitic precipitates in
this alloy can be taken as coherent precipitates, so that their growth can be
described in terms of the motion of transformation dislocations. (2)The
dislocation motion is coupled with the solute re-distribution through the
concentration fluctuation. It is to be noted that the lattice shearing and
the solute diffusion are compstible with each other in the .ourse of the
bainitic reaction. (3)Transformation by lattice shearing taskes place even at
a temperature above the equilibrium temperature To of the two phases, if it
is coupled with the solute re-distribution. (4)A situation may happen in
which shear transformation is controlled by the atomic diffusion. (5)A high
stress concentration arises at the edge of a coherent precipitate as a result
of pile-up of transformation dislocations, so that the lengthwise growth of a
precipitate may attain quite a high growth rate.

128. Composition Dependence of the Bainitic Transformation in B Phase Cu-
Zn-Au Alloys

Tsugio Tadaki, Cai Jing-Qiang, Ken’ichi Shimizu, Yin Fuxing amd Gu Nanju

The composition dependence of the bainitic transformation in B phase Cug,  ZnAu, (x=4, 9, 15; nominal)
alloys has been studied by means of analytical electron microscopy and optical microscopy. The bainite
. plates in the 4%, 9% and 15% Au alloys were observed to {orm upon isothermal aging at 473K for about
Sh, 1.5h and 15min, respectively. The amount of bainite plates increased, while the size of them decreased
remarkably with increasing Au content, The composition differences in Cu concentration between matrix
and bainite were 5.8, 4.4 and 1.5 at.% on the average for the bainite plates about 100am thick in the 4%, Y%
and 15% Au alloys, respectively. A certain difference in composition was also found even for a bainite plate
whose width was comparable to the size of the next nearest neighbor type antiphase domains (30nm on the
average) in the matrix of the 15% Au alloy. These results suggest that the bainitic transformation is essential-
ly accompanied by diffusion.
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The B3 to ay Transformation in a Cu-Zn-Al Alloy

Y. Hamada, Ming-Hsiung Wu and C.M. Wayman

The 18R ordered a«, plate that rorms during isothermal aging of an L2
ordered Cu-26.7wt.¥Zn-4.0wt.%Al alloy at 475°K has a composition leaA
i@ both Zn and Al concentrations. Solute depletion at parent phase
dislocations was also observed, suggesting the possibility of shear
nuclgathn of the p.ate at these defects. Lattice coherency and
strain field are present at early stage interfaces. Misfits and
ledges appear at later stages when diffusion dominates and controls
the plate growth.

Observation of Bainite Shear in a Cu-Zn-Al-Mn Alloy

Fu-Min Chen, M. Han, Y. R. Chen, WX. Liu and Tsun Ko

Two sets of dislocation contrast on the interfaces of bainite — matnx in 8 Cu~Zn-Al-Mn al-
loy have been observed with TEM. On-= set is the Schockley dislocation at the boundaries of
stacking fault substructure, and the other is the interfacial micro—ledge, the arrangement of
which forms the apparent curvature of the interface. The shear bands were found during
bainite reaction, &nd the shear bands in the bainite plate are strictly paraliel to the stacking
faults plane. These shear bands relatively deviated from those caused by deformation in
matrices, and the deviation angle equals the shear angle of the lattice during transformation.

TEM Study cf Bainite in Copper Alloys

D.L. Liu, QH. Liand Tsun Ko

Bainite formed in Cu-38.98 Zn, Cu-12.15%Al, Cu-30.4%Zn-1.25%Al and Cu-11.2%A1-2.9%Ni
has been examined and compared.Difference in morphology of bainite plates formed from virgin 8

phase and the B phase formed by reverse transformation of martensite, midrib and regions formed
from intersection of two bainite plates crossing each other have been examined and interpreted as
further evidence of the shear nature of the transformation. Fine structure and electron diffraction
revealed the presence of stacking faults formed across a bainite plate with steps on the plate edge:
resembling the "ledges” and "superledges”, ggcasionally observed in steel.

OPEN

Transformation Behavior of c-Martensite in Fe-Mn-Si Shape Memeory
Alloys

Tadashi Maki and Kaneaki Tsuzaki

The shape memory effect in Fe-Mn-Si alloys occurs by the reverse transformation of stress-induced € (hep)
martensite. In this paper, the experimental results on the behavior of y—¢ transformation, €—y reverse
transformation, and y ~ € cyclic transformation in Fe-24 ~33Mn-6Si alloys (shape memory alloys) and Fe-24Mn
alloy (not a shape memory alloy) will be presented, and ihe mechanism of shape memory effect in Fe-Mn-Si
alloys will be discussed. The € martensite is formed by the movement of Shockley partial dislocations on every
two adjoining {111} austenite plane. In the case of thermally-transformed martensite, € plates generally consist
of the three variants with different shift vectors (i.e., the movement of three kinds of partial dislocations on the
given (111) austenite plane) in order to reduce the total transformation strain. On the other hand, the stress-
induced € plate is formed by the movement of ane kind of partial dislocations, resuiting in the large
transformation strain compared with thermally-transformed €. A significant difference between Fe-Mn and Fe-
Mn-Si alloys can be seen ir *he behavior of €y reverse transformation. Although the reversed austenite in the
Fe-24Mn alloy contains a high density of dislocations, dislocations are scarcely observed in the reversed
austenite in the case of Fe-24Mn-6Si alloy. This indicates that the addition of Si plays an important role in the
appearance of crystallo'gr?phic reversibility during reverse transformation of € martensite. The Fe-Mn-Si alloy
also exhibits a microstructure memory during y++ £ cyclic transformation unlike the Fe-Mn alloy.
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134. Shape Memory Behaviour in Fe-Mn-Co-Ni-Si Alloys
Manijeh M Reyhani, X. Chen and Paul G. McCormick

A new series of Fe-Mn-Co-Ni-Si alloys has been found to exhibit a martensitic transformation
and shape memory behaviour similar to that observed in Fe-Mn-Si and Fe-Mn-Cr-Ni-Si alloys.
This paper will report the effect of composition, heat treatment and repeated thermomechanical
cycling on the transformation characteristics and shape memory behaviour.

135. Cyclic yto € Transformation Behavior and its Effect on the Shape
Memory Characteristics in Fe-Mn-Si-Cr-Ni Alloy
Hideyuki Ohtsuka, S. Kajiwara and T. Ishihara

The effect of ¥€ cyclic transformation on the shape memory characteristics has been studied 'n Fe-
14Mn-6Si-9Cr-5Ni (wt%) alloy. The effect of cyclic transformation on the transformation
temperatures for thermally formed and stress induced martensites were investigated by DSC. The Af
temperature of stress induced martensite and the amount of thermally formed manensite remarkably
increases with increasing number of cyclic transformation. € mariensites were stress-induced by
tensile deformation at room lemperature, and they were reverse transformed by heating under various

stresses. The recovery stress was measured after the & cyclic transformation was repeated

various times. As the Y€ cyclic transformation was repeated, the recovery suess remarkably
increased at first, and then gradually decreased. This rapid increase of 1ecovery stress is atuributed to
not only the increase of elongation when specimen is deformed but also the increase of stacking
faults which act as nucleation sites of martensite. The decrease of recovery stress is attnbuted to the
decrease of elongation.

136. Study of Thermal e-Phase Martensite in « I'e-Mn-Si-Cr-Ni Shape
Memory Alloy by X-Ray Diffraction and Thermoelectric Power
Luc Federzoni, D. Gex, Q. Gu, Gerard Guenin, D. Labrosse, Marc Mantel
and Jan Van Humbeeck

The influence of the grain size, the dislocation density and the’restauvration process, on
the thermal e-martensite, created by cooling at liquid nitrogen temperature in a Fe-Man-
Cr-Si-Ni shape memory alloy, has been investigated. It appears that (hese parameters
have a strong influence on the thermal e-phase volume fraction, which can vary from
2% o more than 50%, with an appropriate thermomechanical treatment. An easy
techn'que, the ThermoElectric Power has been standardized, to allow measurements of e-
phase quantitics at room {emperalure.

137. In Situ Experiments During a Thermal Cycle in an Fe-Mn-Si Shape
Memory Alloy
K. Tamarat, G. Andre and Bernard Dubois

A biphased Y-€ structure of an Fe-Mn-$i S.M.A. was obtained a. room temperature.

During heating until 479K, X ray diffraction analysis detected € martensite
lines whereas Af would be 450K from intermal friction measurements. By cooling
until 1.7K, neutron diffraction showed an antiferromagnetic phenomenon, the

hysteresis of which is not exactly the same as those observed in the shear
modulus variations.
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138. Reversible Martensite Transformation and Shape Memory Effect in Fe-
Ni-Nb Alloys
Yuri N. Koval and G.E. Monastyrsky

Perfect shape memory effect due to ausaging has been discovered in
Fe-Ni-Nb alloys. These alloys near the chemical composition range 30-31
8t.% Ni and 3-4.5 at.% Nb exhibited a wide temperature hysteresis (500-550
K) and a partial SME in the homogeneous state. To modify the
transformation the ausaging at 923 K for different fime has been applied.
By ausaging during certain times, hysteresis reduced to about 230 K, the
drop of M, temperature and the perfect SME was observed. It was found that
the martensite in the specimen aged at 6-25 hours was of bcc-structure
with small tetragonality distortion (2.5%) which vanished for more long
period of thermal treatment. Ausaging produces in austenite two phases:
fine coherent 3"-particles of the type NijNb in the volume of grains and
greater particles of FeNb Laves phase at the boundaries of grains. By
transmission electron microscopy, it was confirmed that the particles of
y"-phase inherited by the martensite have been plastically sheared, but
retained their structure. The lattice of the particles undergoes some
misarientation between both the lattices ol the untranslormed austenite
and the surrounding martensite. It is assumed that the rotation and the
deformation of the parficles accomodate the shear of the martensitic
matrix. The elastic fields produced by these particles appear to be the
resonable factor fo improve the shape recovery.

139. Some New Aspects of Shape Memory Behavior of e-Martensites
Jian-Hua Yang, H. Chen and C Marvin Wayman

Shape memory behavior and phase transformation characteristics of newly developed £-martensite-
related shape memory alloys have been investigated utilizing a combination of bend tests,
dilatometry, electrical resistance, DSC, magnretic susceptibility and microstructural analysis. Itis
shown that the alloys studied exhibit a good SME without special training. The SME is
significantly improved by prestraining at low temperatures. A higher net reversible strain is made
available by over-prestraining at lower temperatures or other training processes, although the fuily
reversible prestrain usually does not exceed 2%. Superelasticity, the two-way shape memory and
a softening effect of the matrix at low temperatures are also briefly discussed based on the
preliminary results. The variations of shape memory properties with different alloying and
prestraining temperatures are interpreted in terms of the transformation characteristics. It is shown
that the € - martensite can be readily strain-induced under the stabilization effect of the
antiferromagnetism which strongly suppresses the thermally-induced transformation. The strain-
induced transformation of € - martensite is more preferred as a predominant deformation
mechanism at low temperatures under a combined influence of the antiferromagnetism and other
physical factors, whereas the irreversible deformation mode is more likely with prestrain at
relatively high temperature. The transformation characteristics can be significantly changed by
alloying and mechanical/thermal treatments. This offers a possibility of developing new practical
Fe-based shape memory alloys with a wide range of mechanical and physical properties.
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140. Secondary Variants, Self-Accommodation and Shape Memory

Mechanism of £-Mariensite
Jian-Hua Yang and C. Marvin Wayman

Transmission electron microscopy and crystallographic analysis on the orientation relationships of
various € - martensite variants have been carried out in the € - martensite-related shape memory
alloys. Some new € variants, which do not originate directly from the matrix by the well-known
{111]<112> simple shear process for the FCC to HCP transformation, have bcgn observed and
distinguished as secondary variants. Formation mechanisms and corresponding hard-sphere
models of these variants are proposed based on the intersecting shears associated with intersecting
initial variants. The reorientation features of various secondary € - martensite variants and
intervariant relationships predicted by these models are in good agreement with experimental
observations . Experimental aspects of the self-accommodation of € - martensite variants have also
been clarified in connection with the formation of various secondary € variants. Characterization
of the faulting configuration of martensitic substructures confirms that the spontaneous FCC -
HCP martensitic transformation is generally self-accommodating, although involving localized
homogeneous shears which often result in the formation of secondary variants at intersections.
Stress-induced transformation promotes the growth of a single preferred variant, either at the
expense of others within a band or by the formation of secondary variants at intersections between
different bands. Theoretical aspects of the self-accommodation and shape memory mechanism of €
- martensite are thus discussed in comparison with the well-known and widely studied Cu-based
shape memory alloys. it foliows that the FCC - HCP martensitic transformation and its related
shape memory behavior share some similarities in self-accommodation of the transformation and
variant reorientation upon deformation. Therefore, the basic processes involved in the shape
memory behavior of € -mantensite can be similarly generalized in terms of the model established
for the Cu-based SMAs, although some details are significantly different.

141. Transformation Behaviour and Shape Memory Effects in Melt Spun Ni-
Al Alloys

J.H.Zhu, Druce P. Dunne, G.W. Delamore and Noel F. Kennon

The shape memory effect (SME) has been previously demonstrated in nickel rich Ni-Al intermetailic alloys produgc_d by
conventional methods such as casting and hot working. The current investigation was camed out on rapidly solidified
Ni-Al alloys with nickel concentrations in the range 63 - 66 at.%. Ni. Ribbons with a very fine grain size and 2
thickness of 25~-50 mm were successfully produced by melt spinning. Transformation temperatures were determined
using differential scanning calorimeuy (DSC) for both the forward and reverse transformations. The DSC results clc;uly
indicated that the M(s) temperatures in the 63 and 64 at.%Ni alloys were lower than those reported in previous
investigations of conventionally processed bulk alloys . However, the ransformation temperatures in the 63 and 64
a1% alloys increased on aging at ~0.3T(m) for 5 minutes. Thermoelastic transformation was demonstrated for up 10 6
thermal cycles in melt spun ribbon samples with a composition of 64 at.% Ni, and the shape memory effect was
confurmed by repeated bend tests.

142. Mechanical Properties and Microstructure of Rapidly Solidified TiNiCu
Ailoy
Yasubumi Furuya, Minoru Matsumoto and T. Matsumoto

Several properties of rapidly solidified TiNiCu alloys, i.e., thermoelastic transformation
temperature, behaviors of transformation strain vs. temperature hysteresis and stress
vs. strain hysteresis curves at various temperatures were investigated. Specimens of
thin plate were prepared by using melt-spinning machine wich single or twin Cu rolis by
changing the cooling rate from Im/sec to 40m/sec. From optical and SEM observations,
metatlurgical microstructure changed from dendritic grain to very fine columnar grain
texture along the direction of width with increasing the cooling rate. It was confirmed
that transformation strain clealy increased with cooling rate, moreover, from the stress
vs. strain hysteresis curve, superelasticity (i.e., ability of recovery strain energy) and
damping capacity (i.e. dispersion strain energy) improved very much by rapidly solidifica-
tion. The reasons of these characteristic material properties of rapidly solidified
TiNiCu alloys will be discussed by relating with the observed unique microstructures.
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143. First Order Phase Transition of Fe-Rh Alloys
Ryuichiro Oshima, M. Takahashi, A. Taniyama and Yorihiko Tsunoda

Near equiatomlic FeRh alloys which undergo a first order phase transi{tioun frow
the high temperature ferromagnetic(B2) to the low temperature ant{-
ferromagnetic(ileusler type) phase have been examined by electric resistance and
magnetic measurements, neutron diffraction and transmission electron amicrosco-
py. It was found that remarkable changes In thermal hysteresis of the transi-
tion with heat treatments were caused by phase boundary plnning at unident{fied
annealing products, the formation of which was not expected by previous phase
dlagrams. Neutron diffraction experiments suggested a premonitory effect in the
pagnetic peaks before .the transition from the anti-ferromagnetic to the ferro-
magnetic phase on heating.

144. OPEN

145. Phase Transformations in Superconducting and Non-Superconducting
Perovskites
Terrence E. Mitchell

Most of the high T, superconductors and other perovskite-related cuprates exhibit some
kind of structural instability. For example, structures in the Bi-Ca-Sr-Cu-O and T1-Ba-Ca-
Cu-O systems have incommensurate periodicities associated with displacements of the
heavy cations, while tetragonal-to-orthorhombic phases transformations occur in the Y-Ba-
Cu-O and La-Sr-Cu-O systems. In YBazCu3O7.y, the transformation is due to the ordering
of oxygen vacancies while in Lay.xSrxCuQy4 the transformation is accompanied by rotation
of the CuOg octahedra. Such rotations and distortions of the co-ordination octahedra
commonly occur in perovskite-related compounds and transformations between the
structures are frequently martensitic. Transmission clectron microscopy observations on
the microstructures due to phase transformation in the superconducting cuprates will be
compared with those on other perovskites. In particular the accompanying twin
configurations will be compared and used to calculate twin boundary energies.

146. Diffuse X-Ray Scattering Study of Oxygen-Disordered Tetragonal
YBa2(CuxAl1.x)307 Crystals
X.Jiang, P. Wochner, Simon C. Moss and P. Zachack

X-ray scattering from tetragonal single crystals of YBax(Cuj.xAly)307 (x=0.045, 0.055) shows
pronounced diffuse streaking in {110] directions about the Bragg peaks. This diffuse scattering
bears a remarkable resemblance to the [110]:<110> streaking above certain martensitic
transformations and there exists considerable TEM cvidence for a tweed microstructure in these
doped superconductors. There is, however, no evidence for soft [110]}:<110> phonons.
Through a quantitative calculation using a coupled concentration wave/static displacement wave
approach, we show that this diffuse scattering is essentially attributable to the shear displacement
ficld produced by a disordered oxygen array on the Cu(1)-O “chain” planc. In addition we
abserve pronounced short-range chain order (local orthorhombic fluctuations) whose correlation
range is considerably greater than the superconducting coherence length but which decreases with
increasing x. This suggests that on a scale relevant for superconductivity the (local)
orthorhombicity remains important in this tetragonal structure. While the correlated chains are a
distinctive feature there is no evidence, or need, of a micro-domain description of the disordered
state. In fact, our Monte Carlo calculations of the undistorted disordered state show no distinct
microtwins but only patches of local order correlated over -30A for x=0.045.
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147. Oxygen Ordering and Strain-Related Morphology in YBa2Cu3.xMx07

Systems
Zhi-Xiong Cai , Yimei Zhu and David O. Welch

Monte Carlo simulations of an anisotropic lattice gas mode! which represents well the interaction
between oxygen atoms in YBa;Cu307 systems doped with trivalent impurity atoms M such as Fe or
Al were performed in order to study the nature of oxygen ordering in these materials. Using the
concentration wave/displacement wave approach the concentration wave amplitudes ¢4 obtained from
these simulations were used to calculate the diffuse X-ray scattering inten. ity caused by the
displacement field. The results suggest that the small onthorhombic domains associated with the
oxygen “cross-link” around impurity atoms M cause the diffuse intensity to fall off with increasing
magnitude of the oxygen concentration wave vector q as 1/¢2 for small ¢ and as /¢4 for larger g.
We also show that the size of such domains depends on the dopant concentration and can be obtained
from diffuse X-ray scattering data. The calculated diffuse x-ray scattering will be compared with the
experimental data of Jiang, Wochner, Moss, and Zschack (presented at this conference).

148. Study of Structural Phase Transition and Superconductivity in Quenched

YBayCu3zOyx
Shoichi Edo

The orthorhombic-tetragonal phase transition and its relation to superconductivily in quenched YBapCu3O, have
been investigated by means of x-ray diffraction, dc resistivity and ac susccpubil}ty measurements. Samples were
prepared from the orthorhombic YBayCu3Oy with the diameter of 15 mm and the thickness of 2 mm by wcahug for 6
bours at temperatures beiweea 450 and 900 °C in air, followed by quenching in liquid aitrogen. The lattice parameters
of the quenched samples at room temperatise were determined as a function of aancaling temperature based oa the x-ray
diffraction patterns. In as-quenched bulk surfaces, parameter a exhibits the platcau between 600 and 700 °C. Above :100
*C, parameters @ and ¢ markedly increase and the phase change (rom orthorhombic to tetragonal is completed at 735 °C.
However, in the powder samples prepared by milling the quenched bulk samples, parameters @ and ¢ iocrease, wtt:lc
parameter b decreases monotonically with an increase in annealing temperature and the phase change occurs at 900 °C.
The phase distributions are observed in the thickness direction in the quenched hulk samples. The phase distibution
causes the above distinction in the lattice parameters between the bulk and the powdered samples. The anaealiog
temperature at which the phase change occurs will vary widely depending on the quenching rate. Twin structures caa be
hardly formed at rapid quenching, and this resulls in unrelaxed strains and the plaicau in parameter . As a result, itis
revealed that there is no direct relationship between the changes of the lattice parameters and those of the

superconducting transition lemperature in refatively slow cooled YBayCu30, under constant oxygen concentrauon.

149. Discontinuous (Martensitic) and Continuous Displacive Transformations

in High-T¢ Superconductors and Other Solids
David S. Lieberman

A great many metallic and ceramic systems (including Hi T. materials) exhibit one or more
DISPLACIVE transformations on cooling in which: no long range diffusion of atoms occurs.
i.c. all atoms move less than an interatomic distance (with the exception of 0 atoms in the oxide
superconductors which may move in and out with changing T), nearest neighbors are
maintained, the degree of order in the Parent persists in the product, etc. This transformation
can be Discontinous (martensitic) or Continuous. If D, a sharp undistorted habit plane
separates P and p, hysieresis on thermal cycling is always exhibited-and hence p is metastable,
all the crystal geometric features are accounted for by the W-L-R theory, and the phase change
is 1st order with abrupt changes in lattice parameters at the transformation temperature (the
Bain distortion). If C, the structural change is continuous, no sharp interface has been
cbserved between P and p, hysteresis has pever been reported-hence p is slable, and the
transformation is 2 2nd order. Archetypes of D (CsCl+ twinned Qrthorhombic in Aucd) and C
(CsCi+ tw Tetragonal in VRu) are discussed to aid in examining similar transformations in Hi
Te materials. The T Q transition at ~700°C in YBa,Cu,Q,, appears to be C in some reports
and D in others; the lack of any definitive statement about hysteresis is not surprising since
even if the transition is D, the Bain distortions are so small-and hence also the expected
hysteresis width-that its determination might be very difficult (and for other reasons to be
discussed). La, Ba,CuO, and related compounds transform HTT-LTQ; on further cooling.
this superconducting Q phase transforms to a complex LTT. The Istis C, the 2nd is definitely
D-and was found to have “a profound effect on superconductivity in this material.” Thus the
salient differences in the propérties of the phases resulting from C and D [stability, twins.
defects, flux pinning (?), etc.] may be critical to understanding and exploiting these materials.
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150. Internal Friction Study of Single Variant Transformations in Cu-Zn-Al Shape
Memory Alloys
Johannes Stoiber, J -E. Bidaux and Rolf Gonhardt

The intemnal friction (1F) has been measured durning single variant transfornmaton in Cu-Za-Al single
crystals. The results show that Jocal interface displacements do not contnbute significantly to the 1f
In special specimen geometries, where global interface displacements are possible, the observed It
peak is mainly due to the anelastic deformation produced in the habit plane sysieni. A quantitative
analysis of the observed IF-values suggests that the interface motion during IF is not completely
irreversible as it is assumed in existing 1F-models.

151. Role of Dislocations on the Properties of the Shape Memory Alloys
Francisco C. Lovey, Marcos Sade, Vicenc Torra and Antoni Amengual

The presence and production of dislocations are related to several
characteristics and properties of shape memory alloys (SHA). Thus
the intrinsic thermoelasticity, which was observed in single
interface 3-18R transformations, arises from the loss of
translation symmetry of the Burgers vectors of the existing
dislocations when they are absorbed by the martensite. This imply
the progressive creation of fauvlts end 8 continuous undercooling to
compensate the energy of the faults. The intrinsic thermoelasticity
prevents the growth of a plate sand multivarisnts transformation
normaely occurs. Dislocations are formed from the interaction
between variants lesding to degradation of the SMA ©properties.
Dislocations are slso produced during pseudoelsstic c¢yecling in
order to induced the two way shape memory effect (TWSH). These
dislocations could be responsable of the TWSH according the
following two aspects. The stability of the wvariant where the
dislocation energies are lower. The favorable effect for the
nucleation and the initial growth of that specific martensite
variant. The mechanisms associated to the influence of the
dislocations on these aspects of the wmartensitic transformstion
%ill be anslyzed in this work.

152. Study on the Mobility of Interfaces During the Martensitic Transformation
of Cu-Al-Ni Shape Memory Alloy
Vicente Recarte, Maria Luisa No, J. Herreros and J. San Juan

In this work we have studied the mobility of the martensitic interphases,
during and after the f-martensitic transformation, on the single crystal
and poli crysta! Cu-Al-Ni alloys.

The mobility of the interphases of the different martensitic phases B, and
Yy bas been characterized by internal friction and microdeformation.
Depending on the concentration, we have observed one or two
microdeformation stages, linked to the presence of the v, and B, phases,
or both, one after the other. The comparison between the electrical
resistivity and microdeformation measurements, has allowed us to identify
the stages in wich the interphases move by nucleation of the martensitic
variants on the B phase ana also the stages in which the interphases move
by the variants reorientation on martensitic phase.
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Growth Kinetics During Thermoelastic Martensitic Transformations
Antoni Planes and Jordi Ortin

We consider the problem of growth during a thermoelastic martensitic wansformaton in both putel,
thermoelastic and non-equilibrium conditions. This second situation is associated with the possibility of loca!
elastic instabilities which appear, for instance, as a result of shape change sccommodation by simulianeous
growth of different crystallographic variants. We predict scaling ot ihe tansformed fraction curves against
temperature only in the case of purely thermoelastic growth. The analysis reveals that in the general case the
energy dissipated has a double origin: release of elastic encrgy W, and entropy production S, The latier
depends on both temperature rate and thermai conduction in the system. We finally discuss experimental
results on the basis of the model preseated before.

A Continuum Mechanical Approach to the Kinetics and Deformation of
Alloys During Martensitic Transformations
Kikuaki Tanaka, Franz Dieter Fischer and E. Oberaigner

Thermomechanical and transformation behavior of polycrystallinealioys is studied
in the process of martensitic transformation from the continuum mechanical point of
view. The microscopic transformation/deformation is connected to the macroscopic
behavior of alloys by introducing two different levels of microstructure in alloys;the
microregion and the mesodomain. Thedriving force is derived as 4 transformation
condition, and the constitutive equation and the transformation hinetics afe
discussed.

OPEN

Martensitic Transformation Plasticity Simulations by Finite Elements
J.F. Ganghoffer, K. Simonsson, S. Denis, Elisabeth Gautier, S. Sjostrom
and A. Simon

The mechaaical behaviour associated with the manensitic transformation has been modetled using a 2D FE description.
The manensite variants are constituted of different elements of the mesh and four different variants are allowed to
transform in the grain. The transformation progress is determined from a thermodynamical criterion based on the
maximal work associated with the vanant formation. Transformation plasticity deformation and plate orientation
patiems are obtained for three stress levels. These results are discussed with regard to the modet used and the physical
parameters inttoduced in the model.

Thermal Fatigue of Shape Memory Alloys
lain Le May, S.K.P. Cheung-Mak and P. Jacobsen

Thermal cycling has been conducted of Cu-Zn-Al shape memory springs under load. The test
procedures are described and the spring characteristics are reported as a function of thermal
cycles and load. The results indicate a strong dependence of changes in spring characteristics
on bath the number of cycles and on the load carried.

The Fatigue of Dual Phase Polycrystaline Cu-Zn-Al Shape Memory
Alloy
WG. Wu, XY. Wang, M. Zhu, Z.G. Wang and Dazhi Yang

In this work the fatigue properties of dual phase polycrystalline CuZnAl SMA have been investigated
with respect to that of single phase alloy. By carefully controlled heat treatment three kinds of dual
phase SMAs with a smail amount of a phase (<10%;) showing different morphology and distribution,
i. . homogenously distributed dot, block in grain boundaries and network along grain boundaries, can
be obtained. The tension — tension fatigue tests are carried out both in martensitic and pseudoelastic
state. Attentions are paid to the effect of a phase on the fatigue life and fracture mechanisms. Ali
alloys tested obey coffin —mansion law and the fatigue life of dual phase alloys in martensitic state is
longer than that of in pseudoelastic state regardless of the morphology and distribution of a phase.
However, either in martensitic or pseudodastic state the effect of a phase on fatigue life is obvious.
Compared with single phase, the fatigue life of dual phase alloy with hamogenously distributed dot a
phase is increased both in martensitic and pseadoelastic state and particularly in the later. The network
a along grainborundaries decreases fatigue life when the cycling stress is high but appears no evident
effect at low stress level as far as that of single phase alloys be considered. But the block « in grain
bounday shows no observable influence. Scanning eletron micrographs suggest that the o phase can
modify fracture features remarkedly. This implies that the a phase plays an important role in fatigue
crack nucieation and propogation. The effect of a phase on fracture mechanisms has been discussed for
different cases.




159. Shock Damping in a Cu-Zn-Al Shape Memory Alloy
Jean Muller, Bernard Dubois, J. Condoure and J F. Fries

In order w precise high damping capacity of shape memory atloys (SMA), an extension from intermal friction o shock
damping capacity is proposed. For any metailic material submitied (o a limited plastic deformation 2t high strain rates
(from 103 10 5000 s°1), a damping powser concept 1 is inuroduced and related 10 some aspects of the mechanical
energy dissipation. Experiments were performed with a quadrant shock pendulum and Hopkinson split bars. In a Cu-
27.6wi% Zn - 3,63wi% Al- 0.6wi% B SMA, adiabatic shear bands and shock induced martensites are observed. This
would be an accommodadon process for shock damping.

160. Restoration Phenomena and Deformation Behavior of Neutron Irradiated
Ti-Ni Shape Memory Alloys
Tajii Hoshiya, Mitsuo Ohmi, I. Goto and Y. Ichihashi

Ti-Ni shape memory alloys are considered to be useful matenials for fission and fusion reactor devices
that may utilize shape memory capabilities or superelasticity. When Ti-Ni alloys are neutron
irradiated, structural alterations can occur which may suppress the martensitic trans{lormation. On the
other hand. restoration (reverse) phenomena of an irradiated state to a normal one take place upon
both high temperature irradiation and post-irradiation-annealing. In neutron irradiated Ti-Ni afloys.
the relationships between the deformation behavior and radiation-induced <tructural alterations are not
clear at the present stage. The purpose of this study is to clarify changes in deformation behavior of
neutron irradiated Ti-Ni alloys before and after restoration.

Ti-Ni specimens were neutron irradiated in the Japan Materials Testing Reactors (JMTR). The
irradiation conditions employed were temperatures of 323, 490, 520 and 620 in the fluence range
between 1.3x1022 and 1.4x1025m2, which corresponds to the displacement damage range between
1.8x10-3 and 1.9 displacements per atom (dpa). Remote-controiled tensile tests were carried out in
JMTR Hot Laboratory at various lemperatures between 153 and 373K after post-irradiation-annealing
at temperatures of 473, 523 and 573K. Young's moduli were obtained from their stress-strain
curves. By neutron irradiation with 1.4x102°m-2, the radiation-induced superelasticity, which was
observed at the fluence level below 1023m-2, disappeared and the temperature dependence of
Young's modulus was changed from positive (characteristic features of B phase alloys) into negative.
Tt can be seen that the radiation-induced disordering may be abruptly brought about by heavy damage
of 1.9dpa. Changes in deformation behavior of neutron irradiated Ti-Ni alloys are associaied with the
occurrence of back stress that may be produced by defects such as cascades.

161. OPEN
162. OPEN

163. Morphology Transitions of Deformation-Induced Martensites in Fe-Ni-C
Alloys
Xiumu Zhang, D F. Li, X. Zhao, Z.S. Xing, J.Z. Zhang, Elisabeth Gautier and A. Simon

Morphology transitions of deformation—induced martensites during isothermal tensile tests
in the temperature range of M,~M,, have been studied in Fe~Ni—C alloys. With increase in
strain the morphology transitions are as follows: lenticular-+ butterfly—~ (111), massive
martensite in Fe—30Ni; lenticular—~ butterfly—= (111); small butierfly mariensite in
Fe—3GNi~0.11C; thin plate—lenticular—(3 10 15), massive martensite in Fe~25Ni-0.7C and
thin plate-»couple—plate-+lenticular couple—plate martensite in Fe—30Ni—0.34C alloy. Some
peculiar strain—induced martensites are reported for the first time.
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'164. Fracture of Cu-Al-Ni Shape Memory Alloy Single Crystals

A. Cherepin, S. Firstov, Yuri N. Koval and I. Lushankin

Fracture and related phenomena were studied in Cu-Al-Ni SMA single crystals
tested in tension and bending. It is shown that irreversible deformation of the B,
parent phase (ordered b.c.c. structure) and of the martensites (distorted f.c.c.
ones) is localized at the interphase boundaries due to martensitic and martensite-
to-martensite transformations. This deformation proceeds by multiple shears along
the respective close-packed planes, all the latter being parallel to {110}8, due to
lattice correspondence. Shear deformation during tension may lead to the for.
mation of the V-shaped fracture surfaces composed of two parts, namely of a slip
zone with shear traces and a take-off zone with ductile-like dimples. These dimples
are observable even after fracture at 77K. Estimated fracture energy values and
measured fracture toughness K, ones were found to be in excellent agreement
with one another for all temperatures, except those lying in M A range. K,
values decrease on both heating or cooling toward the transformation temperature
interval. Such trend in the K, -vs-T behaviour is not observed in other materials
{e.g. TRIP-steels or ceramics) also known to undergo martensitic transformations.
The reason of the described effect is attributed to the strong localization of the
deformation.

165. Tribology of Unlubricated Copper-Based Cu-Zn-Al Shape Memory

Alloys
Hong Wei Wang, Dazhi Yang and Z.G. Wang

Experiments of unlubricated friction and wear have been carried out on nominal Cu
—26Zn—4Al (wt. %) shape memory alloy (SMA) against steel using block-on-
ring geometry with a sliding speed of v=0.52 m s™',distance S=93. 4 m,and nor-
mal load P=5—100 kg. SEM has been utilized to study worn surfaces and debris.
It reveals that the wear of CuZnAl alloy was plasticity-dor-inated , with adhesion and
delamination being the two main mechanisms. Wear results show that CuZnAl spec-
imens in martensite exhibiting shape memory effect (SME) on average behave in a
more wearproof manner than those in the 8 phase exhibiting superelasticity. Howev-
er,both are more wear durable than the same materials in forged conditions. TEM
observation of tensile tests on CuZnAl thin crystals in the f phase showed that
stress-induced martensitic transformation occurred from the 8 phase in the vicinity of
pre-existing microcracks on the foil during tensiling. The authors proposed the blunt
mechanisms of crack tips due to preferential orientation reactions of variants in
martensite and stress-induced martensitic transformation in the £ phase to explain
the nature of the wear of CuZnAl SMA.

166. The Tensile Properties of Grain Refined Copper-Based Shape Memory

Alloys
D.N. Adnyana

Smll addition of zirconium to Cu-Zn-Al alloys results in significant
grain refinement with attendant faprovement in strength and ductility.
Stress-strain curves show significant changes with temperature and grain
size. At or below A;-temperature, there are four portions to the stress-
strain curve with an initial region of higher slope, then a plateau of
lower slope, followed by a second higher slope before the f£inal region of
low slope leading to fracture. Above Ag, only the first two or three
portions of the stress-strain curve are visible. ‘The alloys showed higher
ultimate tensile strength and ductility in the martensitic state than in the
pseudoelastic one. The ultimate tensile strengths as high as 815 MPa and
fracture strains as high as 12 pct were obtained at the finest graln silzes.
The transition stress oy between stages | and 2 in the stress-straip curve

was found to increase linearly with grain size according to a (grain SIZES)'“

relationship indicating the linkage of 0¢ to 3 Hall-Petch type relationship.
In addition, 1t was found that the pseuaoelastic recovery was not affected
significantly by decreasing grain size. The maximumm recovery strains of
90 pct were generally obtained in fine grain samples.
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167. Martensitic Transformations in Multiphase Stainless Steels
Fernando D.S. Marquis

Athermal, stress assisted and strain induced martensitic
transformations have been studied in three low carbon multiphase
stainless steels containing: Fe-Cr-Ni-Ti, Fe-Cr-Ni-Ti-Nb and
Fe~Cr-Ni-Ti-Mo. The investigation focused on the morphology and
substructure of the martensite and their relationships with
physical and mechanical properties. Specimens were solution
treated in the austenite phase field, quenched to 273 K andg
requenched to 77 K. The volume fraction of the athermal
martensites were a function of the stability of the austenite,
which was related to its composition and the dissolution of
carbides during solution treatment, and the distribution of
microstructural defects within the austenite. These multiphase
microstructures were then deformed up to 1.6 true cumulative
plastic straian at 293 K and 77 K, which resulted in very large
volume fractions of deformation induced products, The roles of
the athermal matensite were first to provide nucleation sites for
the formation of deformation induced martensites and, secondly,
together with the latter refine Lhe microstructure upon further
subsequent thermomechanical processing. This papper discusses the
application of Quantitative Image Analysis, X-Ray Diffraction,
Traasmission Electron Microscopy, and Analytiral Electron
Microscopy in the study of these martensitic transformatiens.

168. The Influence of Impulsive Loading Temperature on the Martensitic
Transformation and Abnormal Atoms Mobility
YuN. Petrov, V.F. Mazanko and 1 A. Yakubtsov

The martensitic traneformations and abnormal atoms mobility of F.C.C.
iron-bage alloys have been studied at impulsive loading temperatures
of 30¢ and 77K. An increacing of H.C.P, and B.C.C. martensitic phases
quantity with decreasing of loading temperature was obtained experi-
mentally. The increasing of substitutional atoms ( iron, nickel ) mo-
bility and decreasing of intersticial ( carbon ) atoms mobility has

been detected also. It has been concluded that the martensitic trans-
formation is an additional sources for intereticial atoms mobility.

169. OPEN

170. Systemizing the Use of TiNi Orthodontic Archwires
Rohit C L. Sachdeva, Y. Oshida, Farrokh Farz-nia and Shuichi Miyazaki

SE NiTi alloys were recently introduced to the field of
orthodontics. These alloys generates relatively constant stresses
over large strains. Furthermore, the stresses generated by this
alloy are temperature dependant. These unigue characteristics are
attributed to its ability to demonstrate reversible thermoelastic
martensitic deformation to strains as high as 8%.[1] With
appropriate annealing temperatures, cold work ratio and alloy
composition, the thermomechanical characteristics of NiTi can be
greatly varied.{2] This has resulted in the orthodontic market
being inundated with a wide array of products that demonstrate
great variation in their thermomechanical characteristics.(2)
Established quidelines for the choice and selection of NiTi
products are lacking. Traditional approaches for orthodontic wire
selection are not applicable to the SE NiTi alloys. 1In the
following discussion we present a rationale basis for the
. selection and use of SE NiTi{ orthodontic products from a clinical
" perspective.
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171. Shape Memory Implants-Recent Developments
Seiko Fukuyo, Rohit C L. Sachdeva, K. Suzuki and E. Sairenji

The purpose of this work is to present some of the developments that have occurred in shape
memory dental implants in the past three years. Previous studies by Fukuyo et al. (1988) have
shown that blade-type dental endosseous implants fabricated from nickel titanium alloy using the
shape memory effect provide excellent fixation which may enhance osse¢ous-integration. Studies in
the past have shown that hydroxylapatite (HA) coating significantly enhances the bone-implant
interface attachment of metallic implants. In view of these findings, a new generation of shape
memory implants plasma sprayed with 50-70u layer of HA have been developed. Preliminary
studies on these HA coated NiTi implants using the primate model demonstrate greater cortical bone
ingrowth (average (90%) with the coated implant surface than with the uncoated (65%). Additional
implant designs based upon the shape of the human root form using NiTi alloy have also been
developed. These implants are best used in areas where single teeth have been lost. Our initial
«iinical studies using this implant system demonstrate a survival rate of 9% (2 year follow-up).
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172. Bending and Whipping of TiNi Wires
Brian Berg, Richard D. James and Jim Stice

We present a model for the bending behavior of NiTi wires. The model predicts the shape of a
pseudoelastic wire subject to terminal forces and moments. The input for the model is the stored
energy as a function of curvature, which can be evaluated from experiments on the pure bending of
the wires. Using the moment-curvature relation of dental arch wires measured on a machine
developed by Berg, we evatuate the stored energy function of the model. We then predict the shape
of the wire in a three point bend test and compare with experiments.

Wires that have been held in a bent shape for a long period experience changes of material propert.es.
This gives rise to an interesting "whipping instability”. We describe this instability and discuss its

origins.

173. Mechanical Engineering for Shape Memory Alloys
Y. Gillet, Etienne Patoor and Marcel Berveiller

The use of Shape Memory Alloys in industrial applications make necessary to be able to describe
their behavior, not only as tensile test specimen in which the stress is homogeneous but like
mechanical elements (springs, bearings, beams...) where the stress distribution is, in many cases,
inhomogencous.

Because the Shape Memory behaviour is stongly dependant to the microstructural state inherited
from the previous thermomecanical history it is on first importance to be able 1o determine in the
most acurate way the level of stress and strain in every part of the structure considered, in order to
avoid any local overloading which could be directly responsible for some dramatically change in the
material response during the service life of the device. But due to their strongly inelastic and
temperature dependant behaviour, the Classical Mechanical Engineering cannot afford it.

This contribution presents Mechanical Engineering relations developped for SMA which are based
on a phenomenological description of the SMA behaviour. In that way, the different parameters
inherent to the material behavior are determined from measurement on uniaxial tension test.
Results obtained with this pattern have been compared to experiments performed on copper based
alloy elements and even with simplified flow rules, stucture effects may be take in evidence.

174. Application of Ni-Ti-Nb Shape Memory Alloy Pipe Couplings
Hiroshi Horikawa, Y. Suzuki, A. Horie, S. Yamamoto and Y. Yasuda
Ternary Ni-Ti-Nb allo§ have about 50K wider transformation hysteresis than binary Ni-Ti alloy.
Since ambient temperatures are located between the Ms and As temperatures of the former alloys,
they are applicable to heat-to-shrink pipe couplings, which can be stored at ambient temperatures and
installed by heating.

We prepared pipe coupling components from a 47at%Ni-Ti-9at%Nb alloy. Leak, pressure, tensile,
tensile fatigue and bending fatigue tests were conducted to evaluate the performance of the compo-
nents and joint systems, using nominal 1/4", 1/2" and 1" stainless steel (SUS316L) pipes which meet
Japanese Industral Standard(JIS) on nuclear power plants. As a result, we found the components
applicable to pipe systems in the power plants. A ring-driver type heat-to-shrink pipe coupling was
also made for a JIS-5"(SUS316L) pipe. We observed sufficient coupling force when heated, which
indicates possible applications of Ni-Ti-Nb couptings to thicker pipe systems.
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175. Specific Manufacture of Copper Based Shape Memory Springs:
Thermomechanical Treatment and Working Test
T. Lours, Michel Raymond and E. Weynant

The paper presents two very important posts of production of Cu-Zn-Al-Ni springs used in
temperature control: thermomechanical treatments and working test of the finished articles, the
thermomarkers. The paper will show the importance of these two posts of the production line which
warrant the good working of the articles. First, the authors will describe the thermomechanical
treatment machine, a specific one developped for the shape memory alloys manufacture, and which
the productive capacity can reach 7000 picces a day: its operating way, the more important
parameters and the method to determine them. A good thermomechanical treatment is absolutly
necessary to obtain a good working of the articles. Then, they will explain the method used to verify
the good working of the thermomarkers: the test machine, the results and the conclusions to get on
the choice of parameters of the thermomecanical treatment.

176. Effects of Heat Treatment and Thermal Cycle on Helical Spring Properties in
NiTiCu Alloy
Yoshiro Shugo, Takayoshi Shimizu, Koichi Morii, T. Yamada and K. Kusaka

In order to clarify the effects of heal treatment and Lhermal’cycles on
helical spring properties which are available for praclical use, spring
(force—temperature) test, differential scanning calorimetry and X-ray
diffraction measurements have been performed on NiwesTiswwLux atloy. The
force—temperature curves werc measured in the Lemperalure range from 293K to
363K at a constant height of the spring and the shear wodulus Gus and Guw were
calculated from the spring test at 303K and 363K. The Gux at the martensitic
phase was OGPa in ejther case of annealing temperature at 673K and 773K
having a tendency of increasing with rise in annealing at 873K and 973K
Meanwhile, the value of Gux was 20 to 30GPa at the parent phase. The Gux has
little effect on annealing temperature. Transformation temperature was
increased with rise in annealing temperature, but temperature difference
(Af-M{)} did pot agree between the spring test and DSC measurement. The
(Af-Mf) was about 20K on the former and about 40K on the latter. The effects
of thermal cycles resulted in decrease of thie spring force and the ratio of
the force after the 5000 cycles to Oth cycle at 363K, decreased with rise in
anneal ing temperature. X-ray diffraction measurement made it clear the
martensitic phase was monoclinic system in X=7 and orthorhombic system in
X=10, 12 in al]l heat treatments

177. Static Rock Breaker Using TiNi Alloy With Reversible Shape Memory
Effect
Minoru Nishida, K. Kaneko, K. Takashima, Kiyoshi Yamauchi and T. Inaba

A newly invented static rock breaker using TiNi shape memory alloy has been proposed by the
present authors. The breaker consists of compressively prestrained TiNi rods of 15 mm in diameter
and 29 mm in length and a pair of two-layered wedge type platens of steel, and requires no
accessory equipments other than heating apparatus. The breaker s inserted into a borehole which is
drilled the rock and rock-like objects of breaking. A distance between the breaker and the borehole
wall is adjusted by sliding the inner platens. After this operation, TiNi elements recover their
original length and generate the recovery force upon heating, associated with the reverse
martensitic transformation. The total breaking force of the breaker is about 300 to 900 kN,
depending on the number of TiNi elements used. The breaker is already applied practically to
demolish concrete wall of building and natural boulder and shows its ability to the full. This fact
demonstrates that TiNi shape memory alloy has a bright prospect as a solid pressure source.
However, it is important to shorten the time of operation in practical use. The prestraining
operation for TiNi rods is the most time-consumable. This problem must be solved by using TiNi
alloy with reversible shape memory effect (RSME). A training of RSME is carried out by
cyclically compressive deformation at various temperatures. The effects of deformation degrees,
temperatures, alloy compositions and heat treatments on RSME behaviors are examined. AE
monitoring during forward and reverse martensitic transformations in TiNi element and crack
initiation around borehole has been aiso made. Then the performance of the breaker using TiNi
alloys with RSME will be discussed on the basis of numerical analysis and laboratory tests.
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' 178. The Dynamics of the Simple Pulley SMA Heat Engine
Brian Berg
A loop of shape memory alloy wire undergoing a bending-induccu y.cudvelastic phase tragsivi
is analyzed. The analysis is a mmpl{ﬁcation of the dynamics of the simple pulley heat engine *L..t Loes
a 8hf‘§e exgemory alloy as the working medium. The engine's mechanical and thermal dynamics are
considered.

179. Characterization of Nitinol Material for a Bendine . .ucation
Dennis N. Petrakis

NiTi alloy, in the form of a rod, purchased from two different suppliers has
been characterized for a bending application. The design properties of ihe
material have been determined and the engineering requirements to create a
materials specification have been established. Material characterization
includes physical, mechanical and shape recovery properties. Shape recovery
is determined {or tensile, compressive and bending modes within the
transformation range. Relationships established include: Effect of strain
(tensile and compressive) and heat treatment on the transformation
temperature utilizing both Differential Scanning Calorimetry and
Thermomechanical Analysis. Effect of heat treatment and thermomechanical
cycling on tensile shape recovery. And finally, effect of thermomechanical
cycling on bending shape recovery.

180. The Two-Way Effect in Homogeneous Alloys and Composites for
Robotic Applications
Kurt Escher,Erhard Hornbogen and M. Mertmann

Three different ways are known to induce the two—way effect (TWE): )
1. In one phase: The intrinsic effect is caused by lattice defects inside a singie phase
metallic material. )
2. In two phase materials: A reverse shape change is realized by internal stresses which
originate in a second phase added as component of & composite material.
3. In a system consisting of two separate paris: Two separated elements (SMA and
non-SMA springs) are necessary for a biased TWE. .
A comparison has been made for the unbiased effects using an NiTi—base alloy and a
composite with a silicone elastomer. The two—way shape chanie achieved by a training
rocess was analyzed. The relaxation of the effect by repeated t ermo—mechanical cyc}mg
Efatigue) was also studied. Investigations have been made for unconstrained, constraine
and mixed boundary conditions. The TWE was trained—in in longitudinal direction and
determinated by dilatometric measurements. During heating the specimens were allowed to
contract freely for different fixed amounts until a base was reached which impeded the final
shape change. The resulting force depends on the primary shape change. It was measured
by a load cell. The thermo—mechanical fatigue behaviour of the specimens was investigated
by dilatometry and microscopy. The results from the elements with the intrinsic TWE
were compared with those of the composite materials. A systematic description is given for
the microstructural causes of the effect. The experimental conditions correspond to the
loading conditions in control elements or fingers of mechanical hands: 1. Closing
(movement); 2. Gripping (force exertion); 3. Opening (reverse movement).

181. Stability of the Memory Effect and Mechanical Fatigue of NiTiCu and
NiTi Elements
Peter Tautzenberger, Hans-Peter Kehrer, H. Nubkern and H.H. Kocher

The stability of the Memory-effect depends on a lot of paraseters like
magnitude of effect, stress., teaperature range, overheating and design of
device. The present contribution deals with the stability of the Hemory-effect
as a function of some of the above mentioned parameters for straight wires,
helical springs and bending strips. It will be shown that the stability of the
Memory-effect is severely influenced by the design of the device for a given
application.

In most anplications elements with a Memory-effect have to realize a certain
magnitude of mechanical vork. Theat means that they have to overcome a certain
stress on heating for each thermal cycle. Therefore it is useful to know
essential data on mechanizal fatigue. The present work deals with some results
of mechanical cfcling of shape wmemory wires, helical springs and bending
elements in the austenitic state. The tests have been extended to high strains
so that one can see even some results referring to superelas.ic applications.
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182. The Shape Memory Effect of Ni-Ti for Electrical Connectors
Heinrich Ehrenstein

Solderless electical connections for Hi-radio-antenna applications using the SME of
NiTi are produced. High re!iable electrical connections which prevent trasmission
resistance for consumer applications neet special tools in order to work with NiTi
sheet. The one way SME is used in the design of different connections. The perma-
nent elastic load of the NiTi part at the electric conducting areas of the wiresurtace
leeds to well connections under difficult conditions. For heat trestment of the NiTi
sheet while mechanical work Hi-induction and water cooling is used. A Discription of
the Patent DE-GM 9012051 is given and the Tools for mass production of such plugs
from NiTi sheet are expained.

183. Industrial Control of Transformation Temperature of Shape Memory
Alloys: Comparison Between Ti-Ni and Copper-Based Alloys
Bernard Prandi

Thanks to their properties, the shape memory alloys are
knowvn as well by the research laboratori:s ss by the consu-
ners, even if all the possible indust:ial applications have
not been developed yet, due to industrial difficulties in
the control of the transformation temperatures (As and Af
on heating).

The purpose of this paper is to de.cribe “he experience of
HEHOMETAL regarding the mastery of the As temperature in
industrial epplications of TiNi. CuZnAl and CuAlNi based
shape nemory alloys.

Using different methods of characterization as DSC, Ther-
noslectrical power, X-rays, tensile tests, .. ..  several
fuctors like the basic chemical compcsition, the homogenei-
ty tha impurities, the process route, the externa) stres-
ses and the heat treatments are discussed.

¥ith the industrisl process developed by NEMOMETAL, the
wanted As temperature is reached with a maximum varistion
of ¢+ 3°C, depending on the alloy category.

184. A Tribute to Adolf Martens
Horst Czichos

Adolf Martens is considered together with personalities like Le Chatelier, Howe, Osmond,
Roberts-Austen, Sotby, Stead and Tschemoff as one of the founders of metalfography in the 19th
century, In this tribute a short portrayal of his life and work is given.

Adolf Martens, born March 6, 1850 received an engincering education at the Royal Industrial
Academy Berlin after a practical training at a machine factory, and joined in 1871 the engineering
staff of the Royal Prussian Railways. There he worked in the fields of iron and steel structures and
quality control of railway components. In 1884 he was appointed Head of a small Mechanical-
Technical Testing Institute. This institute merged with a Chemical-Technical Testing Institute and
a Test Office for Civil Engineering Materials to form in 1904 under the directorship of Adolf
Martens the Royul Material Testing Office - a predecessor institute of the present Bundesanstalt
fur Materialforschung und -priifung (BAM). Adolf Martens was appointed Professor in 1889,
Member of the Royal Academy of Sciences Berlin in 1904 and received a honorary doctor’s de-
gree from the Technische Hochschule Dresden in 1905. After a life full of scientific-technological
wark and the successful establishment of the Royal Materials Testing Office, as one of the leading
institutions of its kind worldwide, he died on July, 24, 1914. In appreciation of his important re-
search work, Osmond termed the “martensitic” structure of steel after him.,
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185. A Tribute to Zenji Nishiyama

186.

187.

188.

189.

Shen'ichi Sato

P;ofessor Zenji Nishiyama, one of the great leaders of the world-
wide martensite community, passed away on March 12, 1891 at the
age of 89, He had been eager to attend this conference, but
unfortunately and regretfully, he could not make it. It is a
great honor for me to recall his memory as one of his disciples

at this conference, ICOMAT-92.

A Tribute to Vissarion Sadovsky
Alexander L. Roytburd

Materials Design: Building a Better Martensite
Gregory B. Olson

A Century of Martensite
Morris Cohen

A Phenomenological Model for Magnetically Driven Lattice-Distortive
Transformations in Fe-Pd Alloys
Po Hong ard Gregory B. Olson

A Landau model including both the magnetization vector M and the two-dimensional
deviatoric strain tensor (e, €2) as order parameters has been developed and applied to
Fe-Pd alloys in which a weakly first-order FCC-FCT phase transformation is known 10
occur after magnetic ordering. A set of model parameters pertaining to Fe-30Pd is
determined from experimental data. In particular, the magneto-¢lastic coupling constant
B2 in the term B;M%(e;24¢,?) can be determined by the difference between values of the
shear constant C’ measured by ultrasonic and neutron scattering experiments. For the Fe-
30Pd alloy, it is found that the appearance of deviatoric magnetostriction strain and &
change of easy magnetization axis occur at a well-defined temperature above Tg for the
FCC-FCT structural phase transformation. The magneto-¢lastic coupling causes softening
of the shear constant C' and defines a parent phase lattice instability temperature T ata
critical magnetization.
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190. Local Softening of Parent Phase Within the Incubation Period of

191.

Isothermal Martensite Transformation in an Fe-Ni-Mn Alloy

Zhang Jihua, Chen Shuchan, Xu Zuyao (T.Y. Hsu) and Chen Weizhong

The low [requency internal [friction associated with the isothermal martensitic transforma
tion in an Fe—23wt%Ni—-3.5wt%Mn alloy at the temperature range of ~20°C 10 —150°C has
been measured by the use of an automatic inverted torsional pendulum. Under the condi
tion of continuous cooling, the rise of internal friction begins within the incubation period
and there appear two internal friction peaks at 0°C and —~50°C respectively. The 0°C peak
may be a pre—isothermal martensitic transformation and the —50°C peak shifis to a lowes
temperature, while the Q™' valuc increases with the increase of cooling rate. During the
isothermal holding, there appears a maximum internal friction value, corresponding o a
minimumm frequency at the very beginning. Between the temperature range of —-20 and
~70°C the maximum of the isothermal internal friction atl the beginning increases with the
decrease of the isothermal temperature. Consequently, it is suggested that there exists the
nucleation process within the incubation period on the TTT—diagram, activated by local
softening of the parent phase with an activation energy ol only about 39253 / mo!

A Lattice Dynamical Study of the Martensitic Tetragonal-Monoclinic
Transformation of Zirconia

Sai-Kit Chan and C.H. Chen

A martensitic transformation usually consists of one or more shears accompanied by a volume change
and some relative sublattice movements called shuffles. The question of whether the shears or the
shuffles are driving the transformation is often controversial. To unravel the mechanism for the
technologically important tetragonal-monoclinic transformation of zirconia, a lattice dynamical study
has been carried out for the tetragonal phase at the temperature of transformation. By comparing the
relative sublattice displacements so obtained with X-ray diffraction data on the atomic positions of
both the tetragonal and the monoclinic phases, it is found that the shuffles correspond to five lattice
modes of different frequencies and two symmetry types with wave vectors corresponding to the
Brillouin zone boundary point M. These five zone boundary modes acting together effect the correct
sublattice movements that double the period of the unit cell leading to the monoclinic phase. Since
five modes of two symmetry types are activated simultaneously, it is suggested that these modes are
secondary motions coupled via anharmonic interactions to the shear that drives the tetragonal-
monoclinic transformation.

192. Nesting Features of Fermi Surfaces in B-Phase Shape Memory Alloys

11. Naumov, O 1. Velikokhatny, V.Z. Bashirova and Vladimir N. Khachin

In reoent years the weighty evidence has been obtained to
support the idee, that at least premartensitic phenomena in f3-sha-
re memory alloys are olosely related to the nesting features of
the Perml surface (PS}) and to the ocourance of ERohn-like anoma-
lies, In order to investigate the PS nesting features in such sys-
tem the generalized susceptibility X(q.0) and different oross
seotions of PS8 were caloulated for CuZn. NiAl. AuCuZne. T'Ni.TiP4,

TiPt alloys (the first prinoiple IMTO method). The Ti-based and
f-Hume-Rothery phases were found to exhibit similar behaviour,
which was unexpeoted. Namely, the gq-dependence of X(a.0) in the
two olasses of materials were similar all over the Brillouin
gone, exexcept for q-areas adjacent to the ([111]-type directions.
In all f3-phases % (q.0) shows the maximum along [{t00), [110] and
[{112] direotions at a distance of two-thirds to the Brillouin gone
boundary(in NiAl this distance is some less). It's worth noticing.
that the veotors 2/3[11O]qmax and 2/3[112]qmdx characterige a

number of structural anomalies, in particular, phonon ones, X-ray
and eleotron diffuse soattering.
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.193. Elastic Properties of Single Crystals of TisgNiso-xkex Alloys
Viadimir N. Khachin and S.A. Muslov

Blastic properties »~f single orystals T150N150-xpex (O<xE<50)

were investigated. It was found that the behavior of elastio cons-

0_1 +
tants C,, and C _g(c“—c‘e) are normal (dC,,/dT <O. dC'/dT <0} 1in

TisoPeso. TlsoNiesPees, where martensitio transformations (MT) are

absent. With the inorease of nickel ocontent and implementation of
MT B2-R, (x=5), B2-R~Bi19' (x=2) in the alloy the behavior of
elastlo constants ochanges gradually: dCAA/dT =0 and ac' /47 =0

(x=15), then dCAAIdT >0 and dC'/4T >0 (0<x<5). Thus, lattice

“softing" precedes implementation of MT in B2 intermetallic
compounds of titanium. Morecover, the lattice “softing" takes
place 1in all orustallographic directions simultaneocusly.

194. Landau Theory of Premartensitic Transformations in TiNi Alloys
Yu.S. Zolotukhin and Viadimir N. Khachin

Landay theory is used for description of structural phase
tranaformations in TiN{ alloys which are realized 1in two-chanel
scheme BE*(ISS 1,2)}*{(R,B19)~B19". Intermediate structures of

shear (IS8} arxe formed in the result of atom displacement_ with
wave vector k and polarization ek 1/3(110)k 1/3<110>
1/3(112)k 11>, and 1/2(110)k (110); . For all stages of structu-

- ek k

ral transformations the changes of symmetry are determinated, are
realized the parameters of order, obtained induced repreaentation
compozitions in the space of atom displacements. Also 1irreducible
representations responsible for structural phase tranaformations
are determinated. Thermodynamic potential are oconstructed also
tensor of sponteneocus deformation, elastic constants and some
other physical properties are calculated.

195. Strain-Induced Interaction and Blocking Effects of Nitrogen Atoms in
Fe-N Austenite and Martensite
V.G. Gavriljuk, Vladimir N. Nadwiov, Valentine A. Tatarenko & C L. Tsynman

The model is considered,in which an influence of impurity N-atoms
and of the temperature change on the lattice periods of the el-as-
tically-anisotropic crystal of Fe with the initial cubioc symmet-
ry.It was shown by the numerical analysis for Fourier components
of the energy of the long-range indirect (strain-induced) inte-
raction of N-atoms in their interstitial solid solution based on
the f.c.c. crystal of Fe that the total energy of such interac
tion of a single selected N-atom with the other ones is equal to
~2.16eV at 1428K and does not exceed the total energy value for
the short-range direct ("electrochemical") N-atoms repulsion
(3,56V). The own intmduction energy of each N-atom within the
octahedral interstices was estimated as 2,53eV at 1428.

Values of the corresponding energy parameters for N-atoms in the
b.c.c. crystal of Fe are changed greately at the temperature (T)
increase. Within the nearest and next-nearest interstitial
coordinational spheres the N-N electrochemical repulsion domi-
nates over the N-N strain-induced attraction. The correlalion
beiween the interaction character and N-atoms distribution in
austenite was determined.
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196. The “Premartensitic Superstructures of Trigonal Symmetry
B.B. Khaimson, Al. Potekaev and Yul. Paskal

There are come evidences in the literature that martensitic transformation in TiNi bascd
alloys places not in B2 structure, but in the more complicated superstructures. In_order 1o
explain the experimental data, a peculiar superstructure with spatial group P3ml was
supposed by Wang et al. The Wang's hypothesis remained nondeveloped, however. Our
analysis has shown that a great number of superstructures with the spatial group P3m! and
trebling of translation vector in cubic axes are found to be feasibly existed. These
superstructures are very similar to each other in the energetic and thermodynamic sense
They can be simultaneously realized in a wide range of interatomic interaction parameters or
replace each other while changing alloy composition and temperature. These superstructures
may be treated as superpositions of plane static concentration waves with the wave vector
1/3 [111], 2/3 {111} and [111]. The concentration waves are accompanied by plane
longitudinal static displacement waves of the same symmetry. Proceeding from the symmetry
considerations, the displacement waves must be accompanied by atomic ordering when the
atom mobility is sufficient. Each differential effect to be treated as a displacement mode can
be compared with concentration mode of the type under cossideration. [t enables some
experimental resulls 1o be explained, in particular, the small value of order parameter in
nightemperature phase to be treated as B2 structure and evidences of the role of
concentration inhomogeneities in R (w) -phase formation

197. Pretransition Phenomena, Nucleation and Martensitic Crystal Growth in
Allows and Compounds with Martensitic Transformations
V.G. Pushin, V.V. Kondratyev and Viadimir N. Khachin

The mono- and polycrystals of various alloys and compounds with
thermoelastic and unthermoelastic martensitic transitions were
studied by in situ HREM, electron and X-ray scattering,measure-
ments of elastic constants and mechanical tests.Evolution of pa-
rent crystal structure before martensitic transition, nucleation
and growth of martensitic¢ nuclel and properties were investigated
in wide temperature and composition intervels. It is shown that
premartensitic instability are accompanied by dQynamical and then
quasistatic and static displacements of atoms together with sof-
tening of elestic constants and phonon modes.Displacements of atoms
ere increased to spproach to martensitic point end form special
microdomains with short order of displacements (SOD) and interme-
diate locsl substructures of shear (ISS) by type of martensitic
phases.It is found that SOD or ISS domsins are the real nuclel of
martensite crystals.Microtwins and antiphase domains inside marten-
site cold be discribed in terms of combinated mechanism of crystal
growth from maeny nuclei of SOD and/or ISS and long-period elastic
accomodation of spontaneous strain.A new "nonclessical" mechanism
of nucleation is observed by in situ HREM in differnt maeterials.

198. Process of the Phase Structure Formation with the Properties of the Hologram
Memory in Materials with the Stress-Induced Martensite: Mathematical Model
E.N. Bondaryev and V.V. Doudoukalenko

Osnillations of the sasolides with the stresaz-induced martenaitic
transformation are studied.External action is supposed to be stabdble
ard to have a constant oacillation frequency. The material is
brought to the remartensitic state by meane of static external
atresses or by cooling. The vibrations cause the martensitic trans-
formation and form an inhomogenious phase structure that corres-
ponds to the wave field and changea the natural frequencies and os-
cillation modea. Thuas the dynamic proocesa forms an attraotor cor-
responding to the structure for which the frequency and the mode of
the forced oscillation becomes natural nng resonant. Due to the
hysteresis in the material with the streas-induced transformation
the above attractor will not be deatroyed when the external dynanmic
forcea cease their action. So the oscillation record takea place.
When the vibration is anlled agsin the materisl “"reaponds" only to
the frequency resonant for the atructure formed. A mathematical
mode]l of this process 1s constructed. Analogies with a hologram as-
sociative memory are investigated. Posaibilities of the repeated
oscillation records are shown and the conditions of their reproduc-
tion are formulated.
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199, ;\)’loflecular Dynamics Study of Martensitic Transformations in B2 Phases with
efects
V.V. Kulagina and M.F. Zhorovkov

Using the Parrinello-Rahman Langrangian, molecular dynamics computer simulations of the
martensitic transformations in B2 phases containing simple defects have been performed. Our
study is based on idea of the modulated lattice relaxation model regarding defects as a
possible embryos of the low temperature martensitic structure in the parent phase. We
considered substitutional defects caused by deviation from the stoichiometric concentration
or/and defects cavsed by atomic disordering. It has been shown that the static lattice
distortions around defect can both stabilize B2 structure and stimulate martensitic
transformation in dependence of defect type and orientation. Two structures having an
inessential energy difference were obtained in a process of the dynamics computations. Basic
cell of the metastable phase contains 18 atoms and has R-phase symmetry, but the final
structure is hexagonal one. In the martensitic phase, the strain fields have been localized in
the vicinity of structural defects. The defects harmonize well with the formed manensitic
structure. The effect of the periodic boundary conditions on the results of the computer
simulations is also discussed.

200. Mobilitiy and Structure of FCC-HCP Martensite-Austenite Interfaces
S. Chen, Philip C. Clapp and Jonathan A. Rifkin

The structure of the lowest energy interface between an hcp austenite phase and an fcc maniensite
phase oi similar atomic volumes has been simulated by annealing a disordered region between the
two perfect lattices until semi-coherent intergrowth occurred. The two structures were oriented so
that the close packed planes were paraliel. The dynamics of this interface and the structure which i
cvolved as it moved was then studied and analyzed. Embedded Atom Method many body
potentials and Molecular Dynamics simulations at different temperatures were utilized. The resuits
will be displayed with the help of computer movies.

201. The Effect of Rapid Solidification on Shape Memory Behaviour of a
Copper-Based Shape Memory Alloy
JH. Zhu, Druce P. Dunne, G.W. Delamore and Noel F. Kennon

CANTIM 125 is a Cu-Al-Ni-Ti-Mn alloy which is commescially produced as a high suength, high iemperature shape
memory (SM) alloy. Although some grain refinement is achieved through the presence of coarse X .phase
{(CuNi)zTiAl] particles, the grains in hot rolled strip are still relauvely large (~200 um) and the ductlity remains
limited. In the current investigation, a rapid solidification technique - planar flow casting - was employed to form thin
strip directly from the molten state, and to produce marked refinement of the parent B grain size. An average grain size
of 2.4 pm was obuained and the formation of both coarse and fine X-phase precipitates was suppressed. Using DSC
thermal cycling and repeated bend tests, the transformation behaviour and shape memory effect in rapidly sohidified
ribbons were examined. -A reproducible shape memory effect was clearly shown in the ribbon samples. The
transformation temperatures for both forward and reverse wansformations were much lower than those of bulk material
formed conventionally. However, melt spun material which was reheated to 900 9C then quenched in 5% KOH
solution showed neither reproducible transformation characteristics nor shape memory effect on thermal cycling, as the
martensile started to decompose by tempering rather then reverting w parent phase. 1t is concluded that the tvpe and

distribution of X-phase precipitates, formed in the melt spun ribbon at 900 °C and or quenching, adversely affected the
reversibility of the martensitic wansformation, which is highly sensitive 1o the state of X-phase precipitation

202. The Crystallographic Analysis of WLR Method on BCC to 9R or 18R
Transformations in Cu-Base SMA
Wang Baogi, Gu Nanju, Yin Fuxing, Wang Ruixiang and Zhang Jianxin

Using WLR method a crystallorgraphic analysis on BCC to monoclinic structure transforma-
tions has been developed. With the aid of compuicr the habit planes, the magnitudes of the
invariant lattice shear, and the rotation matrices, the shape deformation direcions, the total
iransformation relationships belween martensite and parent phase have been czlculated for

five alloys apd are in good agrecment with the observed results.
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Twinned Structures in Terfenol

Richard D. James and David Kinderlehrer

Terfenol-D, Tb Dy (Fea, with x = .3, is an iron/rare carth alloy which is pasticularly attractive
for actuator applications owing to its huge magncwstriction and small magnetomechanical losses.
Like many martensitic and shape memory materials, it exhibits a complex highly mobi’ : domain
structure consisting of structural domains, although magnetic domains play a role as well. Typical
growth habits sesult in configurations with parallel wwinned layers. These layers persist in the
magnetostrictive process. We describe here a theory based on our work related to martensite and
apply it 10 accurately account for the observed microstructure of Terfenol-D!.

204. The Atomistic Processes of the Martensitic Transformation of Fine Iron

Precipitates in Copper Alloys by Cold-Rolling

Iwao Ishida  (WITHDRAWN FROM THE ORAL PROGRAM DUE TO ILLNESS)

The vy+a transforeation of fine, coherent iron preclpitates in single
crystal copper alloy by cold-rolling has been Investigated by the electron
microscopy and the magnetic method. Cold-rolled along the (101)f1010]f. the
transformed a-{ron particles had the Pitsch orientation relationship with the
watrix and the shape expected from the Pitsch transformation mechanism, and the
magnetic anisotropy expected from the coercive force also corresponded to the
oblate spheroidal a-Iron particles expected from the Pitsch mechanisu. Cold-
rolled along the (IOIJfHOI]r, the a-lfron particles with the same oricntelion
relationship and shape were also observed. Thus, 1t was concluded that the
atomlstic processes of the y»a transformation of fine y-iron particles are ( ose
proposed by Pitsch.

20S. Discussion on Invariant Habit Planes of Martensites

Gu Nanju, Wang Ruixiang, Yin Fuxing and Zhang Jianxin

Using vector algbra, the strain tensor and the vector displacement in lattice dcformation of mariensite
transformations have been deduced and using to analyse the crystallographic fcatures for martensitic trans-
formations. [t was found that the strain tensors of twin and matrix in a twined martiensitic plate are 4ifTcrent
for which the shear components are opposite roughly, so that the strain energy would rcduce and the
growth of twined mar‘lcnsilic plates may be with the aid of the scif~accommedation for twin and matrix,
along the normals of the twined planes. According to the analysis upon the vector displacements of the
normals for difTerent habit plancs, the {10,3,15}, planc could make up a macro~invariant habit plane, since
the cfTect of the scif~accommadation. But _the {$7S}f, {111}f, {252}( habit plancs would be very dilTicult to
make up the invarint plancs, since their normat’s displacements being larger and without any varianis in a

martensite as well as the self—accommodation. In addition, if the plastic-accommodation of parent phase

could take place complctcly, the {$75} habit planc could make up, however it may not be a invariant plane.

206. Conjugation of Lattices at Martensitic Transformation in TiNi

Viladimir N. Khachin, V.P. Sivokha and Yu.S. Zolotukhin

Regularities of martensitic tranasformations in

= -+ . . - . . . t. . 11 e de"
Tig gNig g xMex (X 0.%0.5), Me-Fe,Co,Pd,Pt,Au,Cu} alloys ar

terminated. In the above mentioned alloys (depending on the compo-
sition) tere are realized four consequences martensitio transfor-
mations: B2-B19, B2-+Bi19-+B19', B2-R-B19', B2-B19'.Using geometri-
cally non-linear 4ensor of deformation the value of lattice defor-
mation and directions of its main axes for each transformation
consequence are calculated. Is detected that in martensitic trans-
formation B2-B19-B19°', the lattice deformation 1is realized with
mioroscopic invariant plane-ideal ooherenoy crystallographic ori-
entation and phasea turn angles relatively to each other are cal-
culated.
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207. Possible Mechanism of Polymorphic Transformation in Interstitial Alloy
Viadimir N. Bugaev, V.G. Gavriljuk and Viadimir N. Nadutov

The injection of the impurity interstitial atoms into the
host crystal lattice and their redistribution among ths
interstices can be the reason of the produotion of the
large numbers of vacanoies due to the interaction between
the interstitial and matrix subsystems. Oonsequently, the
interstitial alloy can become unstable and the transforma-
tion of matrix into another polymorphio modification with the
less amount of structural vacancies whioh is energetically
more preferably can take place. This idea is improved in the
oage of f.0.0.-h.c.p.transformation in Fe-N austenite. Statis-

tioal-thermodynamiocal ocaloulations were ocarried out within
the theory of the astrain-induced interaotion in interstitial
alloy.

208. Nucleation and Growth of Butterfly Martensite in Vanadium and Carbon
Bearing Iron-Nickel Alloys
0O.Z Chen, X.F. Wu and Tsun Ko

The effect of inhomogeneities formed on ageing in an Iron-Nickel alloy containing approximately
27% Ni, 1% V and 0.05% C on the formation of butterfly martensite and its fine structure have been
examined by TEM and interpreted from the viewpoint of the nucleation effect of the strain field of
carbon clustering or V-C precipitates and their retarding effect on the growth of nucleated manensite.
The interplay between the stress field, spontancous deformation of austenite and the formation of the
marteasite wings and then subunits is discussed. Martensite nuclei consisting of regions enveloped
by dislocations with Burgers vector 1/2 {011] ¢ ¢ with piled up dislocations with Burgers vector
172[110)¢c.c within have been observed, with a structure lying between f.c.c and b.c.c due to the
dislocation distortion. In situ observation of their transformation to martensite by cooling and
stressing showed that further cooling to a certain temperature and stress field introduced by the
formation of a nearly martensite plate cause the nuclei to develop into martensite. Tensile stress also
caused new nuclei to form and grow. The result of transformation developed from the dislocation
structure is a butterfly martensite wing with a Kurjdumov-Sachs relation.

209. Computer Simulation of Phase Transition Process
J.Q. Zhou and Jianxi Rao

This paper disscusses the martensitic tranSitlon process simutdlad on & compuler,
Based on the experimented fact that the habit plane In crystat is an Invariant
plane when the phsse transition is developlng, the phase transitlon process can be
simulated. In teras of measured data that Indlcate habit relatioaship between the
initisl phese and the mertensitic phase, this paper gives the more reasonable tra-
nasition mechenisa of the proposed It setties the probtes In Solld Physics that the
phase transition can only be imagined but can’t be observed,

210. Shear-Rotation Mechanism of Martensite and IPS Crystallographic Theory
Shidao Wang, Xiumu Zhang and L.F. Wang

A semi—twin shear combined a rotation strain mechanism of martensitic transformation has
been proposed.The shear—rotation mechanism not only tesults in the required structure of a’
or e martensite, but also ray be used to formulate a quantitative crystallographic theory. The
results predicted by the present theory are in good agreement with the experiments and the
anes calculated from the phenomenological crystallographic theory

99

- AR AR EENNSEAEAESESEAEAESEMN




211. Crystallographic Analysis of Martensites Throughout an Austenite Grain
Fugao Wei, X.Y. Huang, J.Z. Wu, BZ. Lou and F.S. Shen

The SEM examination of the fracture of 300M steel prepared by queaching and
tempering found that the rather "random" martensite structure transforming from
an austenite grain seemed to have & nearly-parallel lower index crystallographic
plane along which cleavage was able to propagate through a martensite packet or
the whole sustenite grain smoothly because it was found that cleavage facet was
nearly flat and was of a size equivalent to & packet or even the whole prior
austenite grain, Results of crystallographic analysis indicate that if consider
all the martensites obey K-S orientation relationship (0.R.) and hence have 24
different martensite, variants within the ssme parent phase,there exists a pheno-
menon termed “"martensitic transformation orientation concentration(MTOC)" that 24
(100}m or {110}, planes from each of the 24 variants orient closely together with
a mutual deviation of less than 25 degrees. There are at least three MTOC's in an
austenite grain and at least seven within a packet whose mutual deviation is less
than 20 degrees.TEM observation confirms that most martensites in steel possess a
K-S ,N-W or G-T O.R. although 8 packet is not composed of all the six variants on
the same {111}, . MTOC is instructive of understanding the cleavage scross a pack-
et and the whole austenite grain.

212. Crystallography of Self-Accommodating Martensite Plates in Fe-Ni-C
Alloys
Shidao Wang, Y. H. Wen and Xiumu Zhang

Habit piane, orientation relationship and shape strain of seif-accommodated martensite in
Fe-29.37Ni—0.34C alloy have been determined by means of transmission electron
~microscopy, optical interferonveierand composite photometallograph. The ‘erystallographic
parameters have also been calculated using a new quantitative crystallographic theroy. The
results are in agreement with those calculated from W-L-R theroy and measured
experimently.

In the new theroy, martensite lattice is considered to produce in austenite by two processes:
one is 2 homogeneous semi~fault shear in '(111) [112], direction and the other is a rotation
strain around the normal of the (111), stacking fault plane. Since the shear and rotation
strain in both matrix and twin of martensite are on the same (111), staking fault plane and
the directions are opposite,”. the invariant plane strain in the {3 10 15}, martensite transfor-
mations could be kept,.One advantage of the new theroy is that one to one crystaliographic
correspontance among different variants could be revealed. So it is convenient to study
morphology crystallography of self-accommodating martensite plates.

213. Crystallography of Martensitic Transformation in SONi-i3Ni-37Pd High
Temperature Memory Alloy
Yong-sen Li, Y.B. Jin and Xiumu Zhang

On the basis of the phenomenological theory, the crystallography of the martensitic trans-
formation in Ti50Ni13Pd37 high temperature memory alloy has been studied. The lattice
parameters of B2 parent and B19 martensite for the alloy have been determined using X—ray
diffraction. The parameters, a, a, b and ¢ are equal to 3.132, 2.772, 4.526 and 4.772
respectively.  The crystallographyic features of the martensitic transfomation for
{111}, twinning models have been calculated with computer. The ratio of twin thickness " is
approximatly 3:1. The habit plane corresponding with the models was also calculated.The re.
sults are in agreement with the experiments.
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214.

215.

HREM Study of the Martensitic Phase Transformation in Strained Si/Ge
Superlattices on Ge(001)
Werner Wegscheider and H. Cerva

The lattice mismatch of about 4% between Si and Ge causes a biaxial strain field in Si/Ge
short-period superlattices pseudomorphic either to Si or Ge substrates. In particular for growth
on [001] oriented Ge substrates due to the crystatlographic relationship between the in plane
tensile strain and the inclined {111} glide planes, strain relaxation occurs through the
generation of twin bands as the critical thickness for lattice coherency is exceeded. We have
recently identified the mechanism of microtwin formation in SiyGeg superlattices — an
alternating sequence of 3 monolayers (ML) Si and 9 ML Ge — deposited on Ge(001) by
molecular beam epitaxy as nucleation and glide of 90° (a/6)<112> Shockley partial
dislocations on adjacent {111} planes. This material system provides therefore the unique
possibility to artificially produce these planar defects in a well defined way. Based on
high-resolution electron images of twin intersections in such samples, where the transformation
from the diamond cubic phase to polytypic phases takes place, deuiled dislocation
reactions which have to occur at the twin boundaries can be formulated. Dislocation reactions
which involve only 60° perfect as well as 30° and 90° Shockley partial dislocations
describe successfully the martensitic transformation which leads to diamond hexagonal
Si inclusions previously observed in low temperature chemical vapour deposited
polycrystalline Si and in hot-indented Si.

Hysteretic Behaviour in SMA: A Model Based on Intrinsic Parameters
Antoni Isalgue, Francisco C. Lovey and Vincenc Torra

Through high resolution sutomatised equipment (close to 1 mi, 0.1 g and 5 mK)
detailed observations of the stress, strain, temperature (o, £, T) surfaces of
Cu-Zn-Al shape memory alloys can be performed and local minor evolutive
phenomena (micromemory effects) can be observed. The analysis of the
experimental curves (single crystal, single variant with one or more martensite
plates) allows to build a model of the behaviour of the alloy.

216. Random Internal Stresses and Thermoelastic Equilibrium in Shape Memory

Alloys
AA. Likhachev and YuN. Koval

The possibility of thermodynamical balance between martensite and parent
phase in the wide temperature region between M, and M, is one of the
central  problem in  marfensitic  transiormation = physics. In  general,
thermoelastic equilibrium in Shape Memory Alloys (SMA) is supposed to be
a result of the local balance between so called chemical driving force
g(T) and mechanical driving force - «{X)=ff(X), where £ is a structure
distorfion matrix and o{(X) is an internal stress tensor. In general case,
%) may always be expressed as a superposition of the internal stress
6 (%) produced by martensitic crystals system; and the stress 6p(%)
produced by randomly distributed system of crystal defects. The main aim
of present paper is fo develop a general method for theorefical analysis
providing a successful description of the equilibrium microstructure of
martensitic crystals ensemble and macroscopic properties of SMA in the
thermoelastic  equilbrium state. It is shown, that equilibrium conditions
are safisfied if only fhe martensite is located in the region, ' where
o9(T)<t(X) and <(X) must satisfy a special nonlinear equation. To solve
!hisk equation, a convenient approximation method is proposed in present
work.
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217. On the Dynamics of Coherent Martensitic Phase Boundaries
A. Yu. Pasko and Yu. N. Koval

Kinetic  features of diffusionless phase  {ransformations in  solids and
dynamic properties of heterophase systems are largely governed by mobility
of phase boundaries (PB). Coherent PBs can be treated as singular
intferfaces in terms of the theory of elastic physical continuum. Unlike
f1], in the present work the complete set of evolution equations
describing the self-consistent dynamics of PBs is derived immediately from
balance relations of the non-equilibrium thermodynamics, which enables to
take account of dissipative processes going on boundaries and within each
phase. The uniform franslatior:' motion and small flexura! * vibrations of a
single plane PB are considered. The free mowing PB is shown fo experience
drag due {o dynamic excitation of elastic and heat waves in the crystal.
The total drag force is determined by the spontaneous strain and the
entropy of the martensitic  translormation, mechanical and  thermal
characteristics of the medium and depends on the velocity of the PB and
its  orientation  with respect to the f{ranslormafion invariant plane,
Vibrations of the restricted PB are described in a linear approximation by
the integro-differential equation of motion which corrects and generalizes
the non-local membrane model [1].

[1] A.T.Kosilov, A.M.Perevoznikov, A.M.Roshchupkin: Poverhnost 10 (1983)
36; lzv. Vuzov. Fiz. 5§ (1985) 54.

218. Thermodynamics of Acousitc Emission in Thermoelastic Martensite

Transformations
V.A. Plomikov, L A. Monassevich and Yul. Pascal

The analysis of the acoustic emission contrubution to a differential equation of the first
principle of thermodymanics for the temperature cycle enables us to draw a conclusion, that
_ & system involving a cyclic process, particularly, a cyclic martensite tran:sformahon. is an
scoustic generator. In terms of the second principle of thermodynamics the acoustic
emission is a channel of energy dissipation and entropy production, contributes slightly into
the irreversibility of the system charackterized by the area of the temperature hysteresis l0op.
The aggregate of experimental findings accumulated by now énables us to dfaw a
conclusion, that generation of acoustic signals, different from the thermal noise in the
martensite transformation, involves transformations of the *nonchemical® energy. The direct
transformation of the lattice vibration energy into the *chemical® one, caused by alteration of
the ideal crystal structure, gives a negligible contribution into the registered emission energy.
In terms of quasiequilibrium description of the martensite transzrmatcon the acoustic
radiation, accompanying the transformation, involves local instabilities that correspond to
nonmonotonies of the quasiequilibrium state curve on the graph of the components of the
process moving force against the portion of the martensitic phase. In such terms basic
microscapic processes, responsible for emission during the martensite, may be described:
the plastic relaxation of transformation stresses (accumulation of the phase cold hardening),
the microexplosive generation - collapse of martensitic crystals, the relaxation in the reverse
martensite transformation of the *nonchemical® energy, accumulated during the direct

martensite transformation. )
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Mathematical Modelling for the Constitutive Behavior of Shape Memory

Alloys
Sun Qing-ping and Hwang Keh-chih

In the present paper, by taking the constitutive element of material as the subject of study
and applying- the micromechanics, thermodynamics and internal variable constitutive
theory, the macroscopic thermomechanical constitutive behavior of SMA at different tem-
peratures is investigated quantitatively, The effect of microstructural physical mechanisms
such as internal stress, elastic strain energy, twin boundary displacement and interface fric-
tion etc. upon the macroscopic behavior in the process of transformation or reorientation is
taken into account in the present theory, making it possible to describe and to interpret the
vanous phenomena by a unified interrelated model. The derived constitutive law is for the
general coraplex loading paths, and it is simple in form and hence quite applicable. Various
phenomena of SMA such as superelasticity, ferroelasticity, rubber—like elasticity and shape
memory effect ete. are studied in detail by applying the theoretical model developed above.
It is shown that the proposed theory can satisfactorily simulate the main features of the
macroscopic behavior of SMA in the course of uniaxial mechanical loading as well as
thermal cycling and acceptable agreement between theory and experiments is obtained.
Finally, some theoretical predictions and discussions for the complex loading paths are also
given which are yet subject to experimental verification.

Factors Influencing the Reverse Martensite Transformation in a Step-
Quenched Cu-Zn-Al Alloy
Yin Fuxing, Wang Baogi, Wang Ruixing and Gu Nanju
A martensite microstructure step-quenched to rcom temperature in
Cu-24.97Zn~-3.87A1(vtX) alloy vas adopted for the study of the
reverse martensite transformation. Electric resistivity messuresent
shows that ageing sbove Af tempersture or thermal cycling between
H{ belov and Af above tresting of Lhe microstructure could
prohibit the occurrence of parent phase with the incresse of As
tesperatures. Vith X-ray diffraction and electron microscopy
analysis, some discoveries wvere made on the martensite order
degree and variant interf{ace characteristics in microstructures
corrasponding Lo different treatments. L was concluded that
among the factors ipfluencing Lhe reverse martensite transformation,
such as marlensite order degree, plane defects in martensite
and the variants interface characteristics, the {ast one was
ronsidered to be predominant in influencing the nucleation of
parent phase.

Thermodynamic Prediction of Mg Temperatures of Fe-Mn-Ni-C Alloys
Xu Binshi and Zhang Ping

In the area of thermodynamics of martensitic transformation, the published papers were
concentrated on binary or ternary systems such as Fe-C, Fe-Mn-C, Fe-Ni-C, Fe~Cr-C and etc.
The present paper develops the thermodynamics of martensitic transformation in Fe-Hn-Ni-C,
and predicts the Ms temperatures of the materials in the system. Several thermodmnanic
wodels were utilized in the research, especially Fisher's, KRC. LFG, all of which were
combined with Zener's treatment. As compared with the data obtained experimentally, the
thermodynarically predicted Ms temperatures were successfully consistent with thes.

Experiments and Modeling of Partial Hysteresis Loops in Thermoelastic
Martensitic Transformations (WITHDRAWN)
Jordi Ortin

Local Atomic Arrangements of Fe-Ni Steel
B.D. Butler and Jerome B. Cohen [TO BE PRESENTED BY G.B. OLSON]

There is no significant local order or clustering involving Fe and Ni in the austenite phase qf F§-26
pet. Ni -0.9 C and more conclusive data have been obtained that C atoms are in octahedral sites in a
cmilar steel (in Fe-13 pct. Ni, 1 pet C) than was available. The displacements of Fe atoms around &
C atom have been measured for the first time out to several neighbors and from these expenments a
new Fe-C potential has been obtained directly. A high density of {011} twins occurs on
transforming 1o martensite, with a twin volume of 17(4) pct.
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224. Some Aspects of the Behaviour of Virgin Martensite at Low Temperatures
Y. Liu and Juhani Pietikainen

Many works have been concerned with the behaviour of virgin martensite at low temperatures
since 1960's, but few of them have been concentrated on the behavioural differences between
different morphological type of martensites. In the present study, the low temperature behaviour of
two different morphological type of marntensites, thin plate martensite and lenticular martensite,
have been studied by means of X-ray diffraction, electrical resistivity, Magnetic susceptibility and
internal friction methods. It has been found that the behaviours were quite different between these
two kind of martensites. The reason of the differences were due to the differences in martensitic
substructures.

225. HREM Study on the Microstructures of the Membrane Stress Assisted
Martensite in an Fe-Ni-C alloy at Low Temperature
Z.L. Zie and Juhani Pietikainen

Fe-20Ni-1.2C alloy was first cooled in liquid helium to form completed twin thin-plate martensite
and then deformed by membrane stress at liquid helium temperature. The microstructures of the
isothermal marntensite formed under membrane stress and the crystallography relationship between
the thermally formed thin-plate martensite and the isothermal murtensite formed under membrane
stress have been studiced by means of optical microscope and high resolution transmission electron
microscope.

226. Effects of Cold Deformation on the Morphology and Lattice Structure of
Fe-Ni-C Thin-Plate Martensite
Markku Nieminen and Juhari Pietikainen

Fe-25Ni-0.7C thin plate martensite samples were deformed in virgin state at -60 *C and after ageing
* at room temperature. Despite the relative high carbon content deformation degrees of 50-60 % were
achieved without breaking the samples when virgin martensite was deformed. Optical microscopy
sudies revealed severely deformed martensite plates. Smooth, regular interfaces between austenite
and martensite had become very irregular and the internal twinned structure of the plates was also
changed. Beside morphological changes deformation mechanisms were also studied using
transmission electron microscopy. Changes of lattice structure were observed with X-ray
measurements. Because of deformation the tetragonality of martensite had disappeared and lattice had
become cubic. This phenomenon was related 10 change of position of carbon atoms in the tron lattice

and a new model is presented to explain this phenomenon.

227. An Acoustic Emission Study on Martensitic Transformation in Fe-Ni-C
Altoy During Cooling and During Tensile Testing
Zhu Zuming, Long Q.Y., Zhang Xiumu and Li D F.

The dynamic process of martensitic transformation (MT) in 2 Fe—29%Ni—0.15%C alloy dur-
ing cooling and during tensile testing at difTerent temperature has been studied by means of
acoustic emission (AE). It is found tha! the process of MT during cooling has two stages;
more than 80 pct of austenite has transformed into martensite in the first stage; the relation
between the AE events H and the temperature T is H=1/ (a+be™™* ™ —1 / (a+b) in this
stage,while in the second stage the relation between H and Tis H =C~dc"‘"""’, where s, b, ¢,
d, « and f are constant; in addition, the AE energy emitted by unit volume of martensite is
lower in the first stage than in the second stage; the frequency spectra will shift to the higher
frequency region as the MT proceeding from stage 1 to stage 2. Tt is also found that the MT
during tensile testing is strongly dependent on the temperature; as the testing temperature is
colse to Ms, very strong AE activities produced by MT are observed even if in the elastic
deformation stage; as the temperature increases, the AE activities emitted by the MT
decreases; and the morphology of the transformed martensite is also gradually varies with the
testing temperature; the analysis of the waveforms of the AE signals shows that different
waveforms result from different morphology of the transformed martensite.
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228. In-Situ and Continuous Observation of Transition of Martensite

Morphology and Substructure in Alloy Fe-Ni-C
Gong Hai, Zhang W.Y., Wang Xiaochin and Zhang Xiumu

Up to now it is conceded traditionally that the martensite morphology or substructure
is determined by the “formation temperature”, the lath martensite is followed by the
plate martensite and the sliping takes place before twining in the sequence of
martensite formation. In this paper, the ordinary, in—situ and continuous observations
are made for the mixed martensites in alloys Fe—23Ni—0.10C, Fe—24Ni—0.14C,
Fe—29Ni—0.31C and Fe—30Ni—0.34C by means of optical and electronic microscopes.
The continuous obseirvation is recorded by a video under a differential interferogram
with a low—temperature carrier controlled by a electronic computer. The results show
that the sequences of martensite formation are butterfly —~ plate — lath, thin plate -~
lenticular in the same a parent phase when the mixed martensites are formed mainly by
plastic accommodation. A single martensite growth might appeared to be a complex
fotmation during which the substructure might be transited. The sequence of
substructure transition shows complete twin — partial twin — dislocation. It is found
from synthetic analysis that the austenite yield strength and the austenite dislocation
configuration play an important role on the shear mode and morphology transition of
the martensite; a large number of dislocations produced by the plastic accommodation
in the austenite block the formation and development of transformation twins. It can
be considered that the relationship between the martensite morphology and
substructure and the formation temperature is not essential.

229. Structure and Aging Behaviour of Iron-Nitrogen Martensite

V.G. Gavriljuk, Viadimir M. Nadwov, and Kari Marui Ullakke

Nickel-rich Fe-2.39N martensite is characterized by an abnormally high tetragonality at the freshly
formed state which we assume to be caused by the coherent bond at the interface between virgin
manensite and the ordered regions in retained austenite. Evidence for the imperfect Fe N saucture in
austenite was obtained by Mossbauer spectroscopy. This structure pointed out 10 undergo magnetic
ordering between 100 K and 300 K. Tetragonality is decreased during ageing between 100 K and
200 K, which is accounted for by the break of coherency possibly assisted by some dislocation
process. Tewragonality of the virgin Fe-7.3Mn-0.83N manensite is reduced slightly in this iemperature
range. According to the present measurements nitrogen atoms are redistributed above 200 K. This
redistribution can be regarded as a long range atomic ordering before the precipitation of o™ phase
without the formation of clusters.

230. Martensitic Transformation in Fe-31Ni-0.25C Steels Bordered Upon the

Vacuum Condensate
A.G. Yakhontov, N.P. Kylosov, Z.H. Fuxman and V1. Chumakov,

Thin martensitic plates with high anomalous tetragonality of the
lattice appear in steels on the border of TiN influenced by the mag-
netic field. When heated up to 373 X the degree oif tetragonality is
reduced. Magnetic contents decrease 20 % nevertheless cementite is
not found. 5Strips of phase contrast are obhserved in austenites on
the border of martetsitic crystals as a result of high stress. a-y-
~transformation begins with the interphase borders and transformati-
on duobles. The transformation results in the appearance of disloca-
tions accumulations of high density left by the martensitic rlate on
the interfase border. Martensitic contents halve when heated up to
473 K, Lhe degree of ‘etragonality approximates to 1.008 and cemen-
tite is found. s-y-transformation completes entirely ot 673 K and it
does at 773 K in check samples.
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231. The Morphology of Martensites and Their Transiting Precess
Wang Ruixiang, Gu Nanju, Zhang Jianxin and Yin Fuxing

The morphology of martensites and its changing law have been studicd. The research resulis are us follows

{1) Thedislocation—M form first in low and medwum carhon stecls, however the twined- M may form
first in higher carbon and high alloy stecls

(2) The changing orders of its habit plancs are with the increasing of the strength of parent phase being
{575}~ {te1)r={252}r~{529}r={10.3,15), gencrally.

(3) The plate—M may transform into finc lath—M as well as thewr hatut planes from {252} into {1111,
when the distocation density of parent phas: s very high.

(4) The wide jath—M [orm at the grain boundary first ard its sub~struciure is dislocation of high densi.
ty.

(5) The change of martensilic morphology may depend on the competiion beiween the plastic—ac.
commodation of parent phase and the sclf—-accammodation for different mariensitic variants, such as twin
and matrix in a martensitic plate, both of which result in the decreasing of sinan energy. The distocation~M
form, when the plastic-accommodation of parent phase was domina nt, however the twined-M form, when
the scif~accommodation of martensiesvariants was dommant Using this viewpeint, the observed resulie of

abnve may all be explained.

232. Effects of Heat Treatment Cycle on Martensite Formation in a Dual
Phase Steel
H.K. Khaira, AK. Jena and R K. Rav

A steel containing 0197, 0.98% M, [S2 X7 Aatd Q.47%CY oA
Investigated. Three cycles,intermediate quenching <dQ)intermediate
normalizing <«<IN> and step quenching (SQ) were such Lhat the steel

was martensitic, ferrite-pearlitic and austenitic respectively
prior to intercritical annealitig The annealing temperatures werpre
750, 70, 790 and 810°C. The annealing time was 15’ The volume

fraction of martensite at a glven anneallng temperature .ras minimum
for tChe cycle, IN and maximum for <the cyvcle SQ The martensitic
phase formed during the IQ cycle was globular, that produced during
IN cycle was elongated and the SQ cycle generated large aund lumpy
regions. The IQ and IN cycles vyielded highly dislocated laths of
martensite arranged in packets. Two predominent lath ori{entations
were observed The laths found after 5Q cycles were also dislocated.
but. many lath orientations were found A few {(wins were detected
after 1Q and SO cycles at annealing temperatures, 790 and 750°C. A
partial equilibrium model which assumes no partitioning of
substitutional <olutes but parbLitioning of carbon, predicts volume
fraction of martensite accurately at low annealing temperatures.The
compositions of marteusite predicted by this model are consistent
with the observed microstructural features The [0 cycle {mparts the
most favorable combination of properties Lo the dual phase steel.

233. Catalytic Formation of Butterfly Martensite
Q.Z Chen, X.F. Wu, R.Q. Rong and Tsun Ko

Butterfly martensite forms from austenite in a suitable temperature range of Iron-nickel-Carbon alloy
of certain composition. The butterflies show an autocatalytic effect with the result that they pile up ir
a row with almost equidistance between each other. It is proposed that this is t e result of an
interplay between nucleation in an inhomogeneous matrix and the stress ficld arour. 1 the butterfly
shaned martensite. This stress field has been estimated from a model of martensite in which two
prisms with an obtuse-angled triangle section are coupled together and introduced into a prismatic
hollow with dimensions smaller than the prisms by a volume corresponding to the austenite-
martensite expansion. The elastic stress field caused by the expansion is then estimated by conformal
transformation. Only volumc expansion has been considered, as the multic-shear process of the
transformation has reduced the stress field induced by shear to a value small enough to be neglected.
The result shows that stress fields near the wing t.p and in the region ahead of the butterfly are most
favourable for the tensile nucleation of a gew butterfly martensite plate in front of the previous one.
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234. Thermoelastic Martensite in Fe-Ni and Fe-Co Based Alloys
Viadimir V. Kokorin

Ferrous aging alloys with the thermoelagtic martensite were pro-
posed 1n 1979. Particularly Fe-Ni based alloys with the composition
being close to some maraging steels were studied. Among Fe-Co based
alloys the ausaged alloys with thermoelastic 7 .z*a transfor-
mation were offered also. Main factors which determine reversible
character of the martensite transformation in Fe-Co alloys are the
same as 1n Fe-Ni ones. The system of 7'-phase fine coherent
particles 1s forming during ausaging. These 1inclusions being
inherited by the martensite cause anomalously high tetragonality of
its crystal lattice. The relationship between martensite crystal
lattise tetragonality and 7=~z a temperature transformstlion hyste-
resis has been established: the higher tetragonallty degree (c/a)
corresponds to the lower thermal hysteresis. The observed Increase
of ¢/a on Ni content increasing can be explained by growing the
volum~ fraction of <v'-phase inclugions.

235. Surface Microstructure and Fatigue Property of Laser Transformation
Hardening Steel
Liu Changsheng and Cai Qingkui

The surface microstructure and fatigue property of laser transformation hardening low
alloy steel was investigated. The microstructure was studied by light microscopy and
transmission electron microscopy, experimental results show that the microstructure of
hardened layers is inhomogenious because of short duration of heat and the surface fine
structure is twin martensite. The twins are also observed in plate martensite. These can
be reduced by high phase transformation driving force and adjusting of local stress.
Contrary to expectation, twin martensite has an advantageous effect on the fatigue
property of low alloy steel. Fatigue tests were conducted on untreated and laser trans-
formation hardened specimens, resluts indicated that case depth, microstructutre and
hardness of laser hardened surface layer ate important parameters which affect fatigue
property. Under selected technological regions, laser transformation hardening in-
creased the fatigue life by a factor 4 while raising the fatigue lirait by as much as 30
percent.

236. Technological Problems of Regulation of Structure and Properties in
Martensitic Steels by Thermomechanical Treatment
Yurij D. Zhelesnov, Ljudmila M. Kaputkina and Sergei V. Dobatkin

237. Structure, Morphology and Transformation of Martensitc obtained by
Quenching after Laser Heating or by Splat-Quenching
Ljudmila M. Kaputkina and Sergei D. Prokoshkin

238. Structure and Properties of Maraging Steels Undergoing Thermomechanical

Treatment
Alexander F. Edneral, D.M. Perkas and Vera (5. Prokoshking
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. 239. Factors Affecting the Morphology and the Size of Martensite Crystals of

As-Quenched Low-Alloyed Medium-Carbon Steels
Peng Zhifang, Huang Guanghua and Liang Huanwen

It was found through different beat treatments (including commeraal~, sisgle~ and doutle
— {hermomechanical onea) that given chemmical composition changing the dislocation densily and
controlling the dislocation mobility of ausicnite prior 0 quench would obviously cbange the
morphology of martensite crystals of 40Cr and 45Cr stccls. The marteosile crystals formed in diffcrently
treated samples were characterized by cahbibiting typical and/or anomalous laths and uniformed latbs
plus plates in appearance, and by being dislocated and/or twinned in substructure, respectively. Be-
sides, twins initiated from prior deformed — austenite could be inherited by mariensite in quench. It was
also found by double - revealing ctching method that under the condition of rcaching ao cquivalent
prict austenite grain sizc, two kinds of marteasile crysials with remarkably differeat sizes could be ob-
wined by using the siogle— and the double — thermomechanical quench treatments respectively. On the
basis of physical metallurgy and dislocation theory, the above experimental reaults arc explained, and &
tentative quantitative analysis on the cffects of the dislocation degsity fo prior austenitc oo tbe
martensite morpbology is also discussed in this paper.

240. Evolution of Magnetic Field-Induced Martensitic Transformation

Vissarion D. Sadovsky and LN. Romashev

Recently in some our iInvestigations of the Induced by A magnetin

fleld (7 - @) transformation in chromium-nicke] steele with marten

sitic points displaced to the liguid helium temperature the {impor

tant phenomenon has been detected. 1t turns out that the thin plate
martensite formed in austenite by the pulzed magnetic field at low
temperatures can conciderably broaden (grow) even in the atizence of
magnetic 1ield at the same or even higher temperature. Separately
placed thin martensite plates become lenticular crystals. closely
rlazed parallel plates become “many-midrib” martensite crystals and
great martensitic "complexes”.As a result, the total amcount of mar-
tensite in steel 15 increased by several times. The thin martensite
plates growth takes place only in certain temperature range.anqd

thiz process flows with the changing velocity. The evolutinn of

pulsed magnetic fisld-1induced martensitic transformation can cccur
at fixed temperature and it is a zpecific 1sotermal martensitic

transformation whose product is lenticular martensute crystals. To
our opinion., the martensite transformation evolution is connected
with relaxation of the elastic tensions existing around thin mar-

tenszite plates. The relaxation depends on the magnetic and elastic
properties of austenite.

241. Crystal!(_)graphic and Structural Changes Resulting from the Reverse
Martensitic Transformation in High-Chromium Steels

V.V. Sagaradze, I.G. Kabanova and Vissarion D. Sadovsky

High-chromium ferrite-austenite steel Kh2BNOM2 was chosen as a mo-
del material for inverstigating the mechanism of heating-initiated
BCC-FCC transformation in order to realize this process in disloca-
tion-free polyhedral ferrite. The crystal-geometric peculiarities
of the Q-7 transformation at different rates o? heating were studl-
ed. The possibility of inheritance and forming new dislocations as
a result of the BCC-FCC +transformation was analysed. It was shown
that a plated 7Y -phase possessing all signs of a martensitic trans-
formation ( orientation relationships, 24 crystallographic orienta-
tions, shear strain, martensite habit plane (4.11.15}a) could form
during accelerated heating by the shear mechanism. Decreasing the
heating rate gives rise to disperse rod-like T, -phase crystals for-
med with the participation of diffusion processes in the redistri-
bution of alloing elements.New dislocations form during the BCC-FCC
shear transformation and the dislocation density increases up to
3.10% cﬁz. a fact wich indicates that a normal ferrite to austenite
hardening occurs during heating.Three cases o0f interactions between
growing 7y -plates and dislocations in ferrite were found:inheritan-
ce of dislocations, the inheritance and redistribution of disloca-
tions in the growing phase, the absence of the inheritance ~-displa-
cement of dislocations on the front of growing 7;-plates. We review
investigntions into the structural mechanism of Q-Y transfoermation.
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~242. Crystallography of Ferrous (252)¢ Martensitic Transformations

Wang Shidao and Zhang Xiumu

Crystallographic theory, formulated by the semi—twin shear—rotation strain mechanism has
been applied to the {252}, martensitic transformation and satisfactorily predicted its
crystallographic features. Single lattice~invariant shear and the variant interlock suggesied by
W-L~R were also adopted 10 expain the complex crystallographic features ,such as transmit-
ted faults in front of the plate tip, wide scatter of the shear strain directions and multiphcity
of the martensite substructure . The current theories on the {252}, martensitic transformation
were discussed,

243. Martensitic Transformation in Fe-Ni-C Alloys Under Intensive Influence

A.G. Yakhontov and §.S. Mishchenko

The effect of additional twinning in martensitic transformation under pressure (1000-1500
MPa) is discovered in an Fe-31Ni alloy. The transverse apd longitudial additional
twins, as well as transformation twins are formed in lenticular martensite at the same
time. Under pressure 1500 MPa a cellular dislocation substructure is formed in
marteasitic  crystals instead of  transformation twins. A martensite in thin plates is
formed in Fe-31Ni-0,25C alloy at 77 X in impulsive magnetic field (26 MA/m).While
heating at 293 K the martensitt in thin plates transforms into austenite the
transformation beginning from the boundaries of  martensitic crystals.

244. Martensitic Transformation in a Trip Steel

MA. Nagaev, A. G. Yakhontov and B.G. Tugelbaeva

The plastic deformation at 293 K {is proved to be
aooompanied by the formation of thin twin-plates of the
{111} <112> type and € - martensite 1in austenits.
Deformation speed rise from 108™' to 5-10%s™! leads to the
considerable structure coarsening and to the increase of &
- martensite amount, espeoially in the sphere oi large
deformations. The appearance of fragmented band struoctures
with habitus of the 2594 type 1s being observed. They are
developing mainly in the 1localized deformation zones.
Orlentated correlations of austenite lattices, of twine and
€ - martensite are defined by the dark-field method. The
regularities of trip-steel property changes are determined
according to its processing conditions.

245. Martensitic Transformation in an Fe-32%Ni Alloy Deformed by a Stroke

A.G. Yakhontov and AF. Bayman

The influence of the implusive deformation of the austenite on the
kinetic and morfologic pecularity of the martensitic transformation
have been studued. The implusive act by temperatures of 223...373 K
increases the ©begining of the martensitic transformation.
Martensitic point is found out after the implusive deformation by
the temperatures of 573...773 K. The stabilisation by the weak
deformation 1is bound with the ralsing of the parameters of the
nearest order of the atoms. The stabilisation of the austinio phass
in the prosess of high deformation is defined by the dispersional
structure and disorentation of the oristalite structure in
microvolumes. The morphology of the martensitic oristals is studied
in the dependence of the temperature and the degree of the
prelemenary pressing. The correlation between structure and
properties alloy is established.
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246. The Deformation Behavior of Martensitic Lath in a Cold-Drawn Low
Carbon Dual-Phase Steel
Zhang Bing, Ge J. and Zhou Z.

The cold-drawn deformation behavior of martensitic islands in a
low carbon dual-phase steel was studied by TEM. There are many
fine martensitic lath beams in the island distributed in ferrite
matrix. When the true strain increases, the deformation behavior
of martensitic lath consists of two steps. The firat one is the
rotation of laths towards to the cold-drawn direction. The other
is that the laths are prolonged along the cold-drawn direction. In
some field, wartensitic laths almost become fibres with the
incresse of true atrain., The analysis shows that it is the
distribution character of three dimensional stress in cold-drawing
that makes martensitic 1laths have considerable defomability,
thereby low carbon martensitic laths have a good combination of
toughness and streédigth in martensite/ferrite dual-phase steel.

247. The Relation Between My Temperatures and Contact Fatigue Resistances
of the Metastable Austentic Alloys in Fe-Mn-Ni-C System
Zhang Ping and Xu Binshi

The contact fatigue resistances of Fe-#n-Ni-C metastsble sustenitic &lloys ™ were investi-
gated through contact fatigue test. By means of martensitic transformation thersodynamics,
obtained wvas the correlation of environmenta) tesperatur T, Ms temperature and contact
fatigue resistances of the materials involved. When {T-¥s! was at the ainimum value, the
contact fatigue resistance reached the meximm, martensistic transformation was induced
by pisstic strain when the specimens vere subjected to Hertzian stress. But when |T-Hs|

vas great, different mechanisms dominated or the austenite wvas too stsbhle to transformed
martensite, or it was so unstsble that a lot of martensite had been transformed. In order
that the material achieve the best performance, the critical factor is to contral the Ms
temperature secording to the environmental tesperature T. Since mature elastic analysis
has given the result that the maximum principal shear stress is in the subsurface when

two solids contact each other, the application of strain-induced martensitic transforma-
tion provides a unique advantage that the initial micro-plastic-strain establish perfect
hardness distribution belov the surface, the greater the initlal strsin is, the greater
the incresent of the strength. o

248. Peculiarities of Transformation in Textured Fe-18% Cr-10% Ni Alloy
Volodimir V. Karpovich, V.N. Dneprenko and LN. Larikov

Peculiarities of polymorfous transformations in thermomechanically
treated Fe-18%Cr-10%Ni slloy have been investigated both through the
thickness and in different texture components. Complex of techniques
including X-ray texture analysis, TEM and computer simulation was used. It
is shown that different own variants of orientational relations are selected in
texture components {001)<110> and {111}<211> of rolled sample.
Independent texture components of ) -phase sre formed by o - )y -
transformation in the region with orientation {112}<110> corresponding to
the basic partial fibre components overlaping. In this case the number of
selected variants is greater then in the basic texture components.

Peculiarities of transformations in texture components are inherent in
other steels. But their revealing may be somewhat different. It is found that
depending on heat treatment f-£€ transformation in surface layer of rolled Fe-
20%Mn salloy may be realized in one or another texture component or
practically don’t be realized. The influence of dislocation structure and
thermal stresses on variant selection has been also investigated.
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249. Anisotropic Growth of Bainite Plate in Cu-Zn-Al Alloys
Kazuyoshi Takezawa, Shin’ ichi Sato and Kenzaburo Marukawa

The bainite plates are usually observed as a pair with a chevron shape on the surface of Cu-Zn-Al alloys. A

morphological examination has previously been made to determine the three-dimensional shape of the pair in

the author’s laboratory and concluded a form of long hinge. (pp.625-630,Proc. ICOMAT-86). Since this
particular form is thought to be originated from the growth anisotropy of plate, an attempt is made in the
present work to measure the growth rate separately in two directions on the habit plane, parallel and
perpendicular to the expected direction of transformation shear. Growth velocities of 2.9x10-7 mvs and
9.3)(1(?8 nVs are obtained in the parallel and perpendicular directions, mgactively, i.e., the former is about

three times faster than the latter. An activation encrgy of growth, 28Kcal/mol.K; is also obtained from the
temperature dependence of these velocities, which is about the same as that associated with the diffusion of
solute atoms in the matrix crystal. The present results suggest that the bainite lattice is formed by the atomic

shear mechanism as well as in the martensitic transformation and also that the growth process is controlled by

the diffusion of solute atoms. The obtained anisotropy can be understood by considering the stress
distribution at the growth front of plate.

250. Monte Carlo Simulation of Lamellar Products at Middle Temperature Range
Feng Hua and Kang Mokuang

In this paper the nucleation kinetics of lamellar products at middie temperature range has been
simulated in atomic scale with Monte Carlo method, in which the quantitative effects of dislocation
pile-up and grain boundary on nucleation kinetics have been taken inlo account. Monte Carlo
simulation results indicated that (A) A carbon depleted region will appear in super cocled
austenite during Incubation period, In which lamellar products nuclegate more easily than in
others; (B) in the lower part of middle temperature range shear mechanism dominates; (C) In
upper pan diffusional nucleation maechanism dominatec. Moreover, random point and line
scanning analysis of carben content in super cooled austenite of steel within incubation period at
middle temperature range by Auger microprobe has recently confirmed the existence of carbon
depleted region near austenite grain boundary.

251. Time-Temperature-Transformation Diagram Within the Bainite Reaction
in Some Alloy Steels

Kang Mokuang, Chen Daming, Hu G.L. and Meng X K.

Time-temperature-transformation (TTT) diagram within the bainitic reaction of
some alloys is found to be composed of one or two or three kind(s) of C-curve(s).
Investigation on the bainitic TTT diagram of a B brass shows there is only one kind of
C-curve corresponding to bainite. But to a middle-carbon alloy steel, the TTT dia-
gram is composed of two separate kinds of C-curves, and the microstructure in this
occasion is upper bainite or lower bainite, depending on the higher or lower location
of the C-curve in the TTT diagram. Furthermore, carbide-free(meta)upper bainite
or lower bainite will be obtained if the steel contains Si. In a lower carbon alloy
steel, the TTT diagram possesses three separate kinds of C-curves, each correspond-
ing to the microstructure of granular structure or upper bainite or lower bainite, also
depending on the location of the C-curve in the TTT diagram. A single type of bai-
nite can be cbtained only in the primary stage of the bainitic reaction, while a mix-
ture of bainites or bainite and other phase occurs during longer transformation times.

252. Thermodynamics of Bainitic Transformations in Fe-C-XX; Multiple-Element
Systems
Wei Quiming, Chen Daming and Kang Mokuang
Through the introduction of Zener's bi-parameter method, the X.K model has been extended to

obtain a thermodypamic description of the bainitic reactions in Fe-C-XX; multi-element systems.
Calculations for steels 9CrSi, 40CMnSIMGVA and 155iMn3io show that, if carbon depleted region
in austenite is taken into consideration, bainitic reactions can be put into the category of shear type
transformations. A critical carbon content, which is 0.01{at.pct.), has been suggested for the carbon
content of carbon depleted region in austenite. This critical carbon content is a result of the
thermodynamic analyses of this paper. 111




253. Thermodynamic Analyses of Bainitic Transformation in Fe-C Alloys at
the Initial Stage
Zie Zhaoyang and Kang Mokuang

A madel of the bainitic transformation in Fe-C alloys during the initial stage of transformation
(without carbide precipitation) has been proposed in which carbon partitioning is prior lo the
formation of bainitic ferrite through martensite-type shear. A thermodynamic analysis of the
bainilic transformation using Xie-Kang’ s regular interstitial solution treatment of Fe-C solid so-
futionis given. The analysis suggests that the carbon content of bainitic ferrile during the initial
stage of transformation be calculated by letling the free encrgy change AG™® take the minimum
to carbon content at the Bs temperatures.

254. On the Pre-Bainitic Phenomenon
Yang Y.Q., Wei Qiuming, Yang Q.M. and Kang Mokuang

The pre—batnitic phenomenon in several ferrous ailoys and copper alloys was investigated by
means of Internal Friction, Scanning Auger Micro-Probe and Analytical Electron
Microscopy. The peaks of internal friction of carbon or zinc atoms diffusion in austenite of
ferrous alloys ar in f§ brass, respectively, were related to the carbon or zinc depleted region
formation within the bamnitic incubation period observed by composition measurement. The
possibility of bainite nucleation in solute depleted regions by shear for Ms temperature in
those regions increases to holding temperature was analysed. It is pointed out that the
pre—bainitic phenomenon is a behavior of solute depleted region formation by diffusion and
bainite nucleation by shear.

255. The Midrib and its Formation Mechanism in Lower Bainites
Sun Jialin, Chen Daming, Kang Mokuang and Lu Hongxiu

Modern physical methods have been used to examine the midrib existing in lower bainites of
steels containing silicon. A small misorientation of 2—4 degrees between the midrib and the
bainitic ferrites (BF) has been observed with a u-diffraction technique.
EELS(ElectronEnergy Loss Spectra) analyses show that the carbon content of the midribs is
ca. 40pct lower than the mean carbon content in BF. No significant interface has been found
between the midribs and the fermites. The results of morphological and crystallographic stud-
ies and carban content measurements have indicated that the midnb is actually a very thin
penny—shaped area, formed with BF nucleated by shear and with the subsequent rapid
growth of the nuclei. The midrib plane is therefore the habit plane of bainite nucleation. The
thickening of BF is carbon diffusion controlled.

256. The Source of Carbide Precipitation in Lower Bainite
Sun Jialin and Kang Mokuang

The crystallography of carbides formed during lower bainite transformation in a silicon
contained steel was studied by f{rausmission electron microscopy(TEN). Significant
differences in crystalloyraphic aspect were detecled belween carbiides precipitating fros
batuitic ferrile aund thuse from austenile. This implics crystallouraphic analysis is a
possible way for carbide source determinalion.




257. Substructural and Crystalllographic Features of Lower Bainite
Sun Jialin and Kang Mokuang

Transmission electron microscopic investigations to the substructure of lower bainites in two
steels containing silicon show the existence of a plastic accomodation defect in austentte prior
to bainite transformation. The formation of bainitic ferrites is associated with an
imhomogencous shear. The magnitude of the macroscopic deforrnation (shear) has been
evaluated, together with the measurements of the crystallographic features of the two invest-
gated steels. A crystallographic model has been founded by taking into consideration the
plastic accomodation double shear processes. The theoretical crystallographic predictions for
the two investigated steels given by the newly founded model show a good agreement with the
experimental results.

258. Shape Memory and Trip-Effect in Bainitic Steels after Isothermal,
Thermomechanical Treatment
Sergei A. Faldin and Octai V. Samedov

The TRIP-eifect in retained austenite of bainitic steels was  studied. Low-temperature
thermomechanical by regulated regimens leads to increased bainite volume fraction and creates
conditions for pronounced TRIP-effect readization. Such a treatment improves plasticity and
cracking resistence at high strengih. The mechanism of 4/~ o{ transformation can be studied by
an observation of the shape memory effect realization in such bainisc siecls.

259. Growth Kinetics of Widmanstatten and Bainitic Ferrite
Wang Shidao

Two kinds of edgewise growth Kinetics approaches has been developed
for the plate precipitation of the proeutectoid and bainite ferrite
in order to investigate the growth mechanisms of them. A mixed
diffusion-interface controlled model of the ferrite growth sug-
gested on the basis of determination of the interface kinetic effect
using the diffusibility inside boundary. Following the kinetic
thermodynamics of bainite growth proposed by the author, the ang-
ther competent model of the bainite growth below the Bgtempera-
ture has a paraequilibrium shear growth mechanism. The model shows
that the carvon partition of a partial equilibrium occurs simul-
taneously with the shear movement of iron interface. The com-
parision of the predictions by means of the two kinds of growth
models with experiments shows that the growth kinetis of Widmansiittim
ferrite avove 55U%c is consistent with the mixed diffusion-inter-
face controlled, the paraequilibrium shear growth model is of the
aominant operat10u mechanism of the bainite growth kinetics below
500°¢ , and the klnetlcscompetltion occurs in the temperatuce rang
between 550°C and 500°C . The above results are obtained in Fe-
U.43wt%C alloy, The transition temperature of growth model in
Kinetic competition is higher than 500°C for the lower carbon alloys
whileas lower than 500°C in the higher carbon alloys.
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260. Widmanstatten and Upper Bainitic Ferrite Crystallography
Wang Shidao

The present paper will ueal with the crystallography of Widman-
statten and upper bainite ferrite by means of different crystal-
lographic approach. potin Widmanstatten and upper bainite ferrite
exhibit a number of similarities. Such similarities make the un-
derstanding of their reaction mechanism so controversial that some
investigators strongly hold the ledge diffusinp mchanism but ano-
ther stand for the shear one applying to both of them. A new cry-
stallographic approach developed on the basis of the fault shear-
dominant lattice deformation has been applied to the upper bainite
ferrite and satisfactorily predicted the experimentally observed
crystallography which has recently reported. 1t is important to
find that the crystallographic variant correspondance of bainite
ferrite is Just the same as the martensites have. But Widmanstattea
ferrite shows a distinct crystallographic variant correspondance
from the one of martensites., An approach of elastic plane stress
state in the epitaxial interface of the Widmanstattten ferrite has
been supgested with the use of the strain ptohr circle. There is ro
any additional inhomogenity in order to establish the IPS of Wid-
manstatten. and the lattice correspondance inht has no significane
of the lattice deformation as inat of martensites.

261. The In-Situ Observation of Bainitic Transformation in Cu-Zn Alloy
Yang Y.Q., Liu D H., Kang Mokuang and Sun Y.

In situ observation of the growth process of bainite in Cu—~Zn alloy by means of high—tem-
perature TEM is conducted. It is found that the stacking fauit substructure exists just in the
growing tip of fresh bainitic plate and so does the shear stress field in the matrix around the
up shown by the change of bend extinction concours. The growth ledges are observed. The
broad and narrow faces of the ledges are parallel to the fault plane and habit plane,
respectively. The moving direction of ledges is parallel to the fault plane. It is shown that the
thickening at one side of bainitic plate is faster than that at the other side. The mechanism of
bainitic transformation in Cu—2n alloy is discussed.

262. Effects of the Ultrasonic Treatment on the Bainitic Transformation
Kinetics of Constructional Steels
O.V. Abramov, Elena V. Konopleva, NM. Bayzitov, E. V. Kisterev and A B. Ivanov

The isothermal transformation kinetics in the 306Cr3, 30CrMnSiNi2
and 08Cr2Mn2V steels was studied using the installation consisted
of ultrasonic part and balance magnetometer. The UT (resonance fre-
quency 18,5 kHz, amplitude of relative strain =10 ~; the UT time
=180 s) was carried out at a temperature in a metastable austenite
range after previous austenitizing and cooling to $30G°C. For compa-
rison the kinetics after austenitizing and direct cooling to the
isothermal transformation temperature and after austenitizing, co-
oling to 530°C and holding for =180 s at this temperature has been
measured too. The effects of step treatment on the bainite trans-
formation kinetics depend on holding time at 530°C and alloy compo-
sition. The UT did not change the reaction rate in the lower part
of bainite range and retarded it in the upper part (only in the
30Cr3 and 30CrMnSiNi2 steels) compared to step treatment.

The structure of the specimens transformed to pearlite or bainite
was examined.




263. Stabilization of Martensite and Ordering of the Parent Phase in a Cu-Zn-
Al Alloy

Chen Shuchuan, Xu Zuyao (T.Y. Hsu), Yang Fan and Zhang Jihua

The reverse transformation has never occurred in a quenched and aged specimen upon heat
ing from room temperature to 320°C at which the martensite disappears thoroughly. Both
B2 == 9R and DO, = 18R coexist in step—quenched and shori~time isothermally treated
specimen. As prolonging the isothermal holding,the B2 = 9R disappears and the DO, =
18R intensifies. B2 == 9R occurs oaly in specimens queached and up—quenched unmediately
to 100 — 150°C. Rapid quenching from high temperature will depress the B2 -~ DO, or.
dering but not the A2-~ B2 one. An enough concentration of vacancy will promote the B2
— DO, ordering. The possible mechanism for the stabilization of martensite in a
Cu—Zn~Al alloy was also discussed.

264. Influence of the Interactions of Order-Disorder Phenomena with
Thermomechanical Cycling on the Hysteresis of the Martensitic
Transformation in a Cu-Zn-Al-Ni Alloy

Laurent Buffard, Pierre Charbonnier, J L. Macqueron, and E. Weynant

The use of shape memory alloy springs in industrial products of high temperature accuracy
needs an increasing reproductibility of the hysteresis of the martensitic transformation.

It has been established that in copper based alloys, the evolutions of the hysteresis is due to an
instable order of the matrix. This order is partial and imperfect and can be modified by the
temperature, the stress and heat treatments.

We present results of industrial probes carried out on springs whose transformation
caracteristics were analysed by acoustic emission. This technique gives an acces to dynamic
parameters of martensitic transformation and allows the analysis of the evolution of the state of
the alloy during transforation cycles.

In addition to acoustic emission, electrical resistivity and calorimetry measurements allow us to
better characterize the evolution of the atomic order.

'- '. '-

265. Martensite Ordering and Stabilization in Copper Based SME Alloys
Osman Adiguzel

Stabilization behaviour of the martensite in shape memory CuZnAl and CuAlMn alloys has been
studied by the x-ray measurements and electron microscopy. In these allays influenced by both
quenching and post-quench heat treatments the degree of stabilization depends on quenching
conditions, and stabilization process is mainly due to the structural change and atomic arrangement in
marlensitic lattice inherited from the parent phase. From x-ray results it was suggested that
stabilization and loss of memory are directly related to disordering in martensitic state. In the present
study, it was concluded that the spacing differences (Ad) between some selected pairs of diffraction
planes of type (h k1) and (h,k,1) satisfying the refation (h,? - h,%)/3 = (k,2 - k,%)/n, with n=1 for
9R and n=4 for 18R martensites reflect the degree of ordering in martensite, in addition to the lattice
disiortion parameters defined as ¢ = [sin2,, - Sin%0,,,] and ¢'= [sin26;,, - sin28,,|.

266. oy Precipitates Induced by Constraint Aging in a Cu-Zn-Al SMA
Hu Chen-Ti and Leu Shyue-Shang

The constraint aging treatment to induce two way shape memory (TWSM) eftect has been iepaied
at TiNi SMA, i.c. the all-round shape memory (ARSM) effect. In this study, the various tensile-
loaded aging treatments have been conducted on a Cu-27.4Zn-3.7A1 SMA. " The acceleration ol
precipitation process of need-like o, precipitates due to the constraint stress was discovered. In
addition a T\g/SM character with extensive strain has been observed in constraint aged CuZnAl
specimens which is opposite to the contractive character of TWSM in constraint aged TiN1 alloy. It
is suggested that an intemal compressive stress has been developed at the interfaces between
precip.tates and matnx zfter the Cu-Zn-Al specimen been consirzint aged. Once the testing specimen
was cucled below M,,those miartensite vanants which contributing to decrease or eliminate the nternal
compression stress nucleated and grew preferentially, moreover caused the extensive TWSM character.
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267. AIStud_v on Aging Stabilizing of Martensite in Cu-Based Shape Memory
Alloy

Wang Yonggang, Zhou Hefeng, Li Shulin and Hou Zhengshou

The memory property and the martensite aging stability of Cu-23. 13Za-4. 37Al
and Cu-26. 3¢Zn-3. 24A1-0. 67Mn (Wt%) hot rolled sheet under different conditions
a8 hot rolled marquenching and oil quenchiag have bees studied. It is found
that pof only the memory property is good enmough, but else the resistance to
martensite aging stabilizing is high under hot rolled condition with highers
hardoess. By usiog X-ray diffraction method, it is discoved that microscopic
interpal stress exits in hot rolled sheets wunder all the three conditions
Among them the internal stress uoder hot rolled condition, is the highest, but
it relaxated very slowly during aging process, while the interoal strees with
merqueschiog or oil quenching is some-what relaxed. According to the test
results, & strecs relaxation model is proposed for martensite aging stability
of Cu-based shape memory alloy. During the process when Cu-based shape memory
alloy ic used or laid aside in martensite state, the coherent interface among
diffrent martensite variants as well ss between martensite aod parent phase
was destroyed due to relaxation of micrescopic internal stress. For this
reason, it is difficult for different martensite varisnte to combine and
martensites come into sging stabiliziag.

268. Influence of Mn Addition on the Thermal Stability of Cu-Al-Ni SMA
Inani Hurtado, Jan Van Humbeeck, Muwhuswamy Chandrasekaran and Luc Delaey

Potential shape memory applications at higher temperatures in recent years have stimulated the
search for alloys with ransformation temperatures above 373K. Among these the Cu-Al-Ni alloys
have received a special attention because of their good thermal stability and low cost. In order to
improve their mechanical propertics various elements are added, such as Ti for reducing the grain
size, Mn for improving the machinability, etc. In the present work, the role of Mn on the thermal
stability of Cu-Al-Ni alloys is investigated by means of Differential Scanning Calorimetry (DSC),
Thermoelectric Power (TEP), X-ray Powder Diffraction and Transmission Eleciron Microscopy
(TEM). The variation of the martensitic transformation characteristics, i.e. temperatures,
hysteresis, etc., are compared with those of the previously studied Cu-Al-Ni-Ti-Mn alloys.

269. itll;dy on the Precipitation of the Stable Phases on Cu-Al-Ni Shape Memory
oys

Vicente Recarte, Inahi Hurtado, J. Herreros, Maria Luisa No and Jose San Juan

About the Cu-Al-Ni shape memory alloys, one of the matters that limits the
maximun using temperature is the precipitation of the stable phases. On the
other side, for the interesting concetrations of this alloys, the phases
equilibrium diagrams are not exactly determinated, specially on the low
temperature range.

In this paper, the stable phases showed at the different temperatures and
for some different concetration of Cu, Al and Ni have been characterized by
optical and electronic microscopy, dilatometry and X-ray diffraction. On
the same way the T.T.T. curves for this alioys have been obtained by
quenching dilatometry, studying the precipitation kinetic of the stable
phases inside the metlastable 8 phase.
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270. Research on Ageing Processing of AF1410 Steel

Xu Changgan and Ma Jing

The quantity of martenite and residual austenite in high-alloy ultra—strength AF~1410 steel quenched by
diffcrent manncer s various, The characienization of microstruclures quenched by oil, e, cic. and
separatcly aged in 430T, S00T, and 570, are dullerent. Inaged process the  precipitation from quenched
martenite, the coarse  precipitated cemenitc and .lhc inversiona) austenite from marlenite simultancously
inducc 1o decrease hardeness of stecl. By the verificd result of clectron diffraction the second hardering
phenemenon with Mo,C precipitating in AF 1410 steel yet is presented.

Key words AF 1410 sicel, martenite, aged of steel.

271. Further Information about the Tempering of Martensite

Mstislav A. Shtremel, Ljudmila M. Kaputkina, Sergei D. Prokoshkin and
Dmitrij E. Kaputkin

272. Martensitic Interface Crystallography and its Effect on Tempering

Precipatation
Wei Fugao (F.G. Wei)

The crystallography of tempered cementites and the interfaces om which cementites
precipitate is characterized in terms of the exact coincidence site lattice (CSL)
misorientation between the two martensites separated by the interfaces, deviation
from the misorientation and the orientation of the interfaces. A high silicon-
content medium steel was used for this investigation which contained lath marten-
sites and a few of micro-twin martensites. Theoretical calculation shows that all
the martensite interfaces within a packet are classified into seven CSL types
with a reasonable deviatior. Results of TEM observation reveal that CSL misorien-
tation plays an important rule in the nucleation of cementites and their orienta-
tion with both matrices beside them and deviation from the exact CSL misorienta-
tion is of significant importance in the selection of variants and the growth
behavior of the precipitates while the orientation of interfaces appears to have
a weak effect on the precipitationprobably because of the high density of dis-
locations in the martensite matrices.

273. Ti-Rich Precipitation and Martensitic Transition in Ti-Rich Ni-Ti Alloy

ZhuJSand LiJ..

Internal friction (IF), modulus { & [‘), electric resistance and zero position
shift were measured in Ti-rich NiTi alloy before and after aging at 500°C for
over 1 h. An anomaly of 1IF and corresponding to a variation of modulus ,
electric resistance and zero position shift on the low temperature side of Ms
were observed in sample after aging at 500°C over 1 h. A further experiment
indicated that the anomaly of IF has characteristic of (f{irst order phase
transition i.e peak height of IF is proportion to the temperature rate and
inverse proportion to the wmeasuring frequency.SME and X-ray diflraction
technique were used to clarily the ohserved phenomena .Grain shape precipitates
which have rich-Ti composition were found by SME in aged sample. It is alsc
confirmed by X-ray diffraction , large enhancement of diffraction lines for
Ni2Ti3 phase was observed in sample after aging.As we know, the appearance of Ti-
rich precipate phase reduces Ti constant in area near precipate phase. A decrease
of martensitic transition point in this range was found because it has more Ni
content . The obhser¢aed anomalous in 1F, modulus, electric resistance and zero
position shift are attributed to the decreasing in the area near Ni2Ti3 precipate
phase in aged sample.




274,

Acicular Martensite Induced by Low Temperature Aging of an Arc-
Melted Zr0;-Y»03 Alloy

Motozo Hayakawa, Y. Onda, and M. Oka

Agingof a coarse-grained ZrO; — 2mol% Y203 specimen at 250°C induces the t(tetragonal)

— m(monoclinic) transformation. The transformation exhibits two distinct types of mor-
hology, i.e., herringbone type and acicular type. The crystallographic feature of the
ormer has been previously studied[1]. The present paper describes the structure and
the mechanism of the formation of the latter. Acicular martensite was typically several
hundred um long and a few pm thickness. It penetrates into the material about 100
m below the surface, thus it is a thin plate form. A two-surface trace analysis uniquely
identified the habit plane to be a 3100}, plane. Derpite the well defined habit plane,
the surface relief did not correspond to a simple invariant plane shear. Electron micro-
scopic observation of a plate revealed that the plate comprised many small variants of
lenticular or triangular shape. The arrangement of these plates were not regular. In the
neighborhood of a fully grown plate, thin plates were often observed running parallel to
the thick plate. These thin plates were single variant with the same {100}, habit. Even
though a penomenological calculation[2] predicts an irrational {207}, habit plane, if the
lattice invariant shear is inhibited for some reason, the lattice strain associated with the
{ — m transformation will be roughly a shear on a {100} plane, but with strain mis-
match on the interfaces. The stress resulting from the strain mismatch would explain
the preferential formation of the smaller variants alongside.
[1JM. Hayakawa, K. Adachi, and M. Oka, Acta metall. mater., 38, pp. 1753-59 (1990)
[2]M. Hayakawa and M. Oka, Acta melall.., 37, pp. 2229-35 (1989)

275. Surface Relief in Ceramics During Transformation

Kunio Wakasa, Chou Chen-Chia and C. Marvin Wayman

Surface relief effects were investigated in various ceramics using interference microscopy. Relief
phenomena in certain ceramics are very similar to that of martensite in metals (invariant plane
strain) and interference microscopy is a promising way to investigate structural transformations in
ceramics. Surface tilt angles were determined from interference fringes, and are related to lattice
parameters, crystal symmetry and other microstructural characteristics. Combining different
techniques, such as optical microscopy, X-ray and transmission electron micrascopy we can
construct general structural information on transformations in ceramics. For instance, in lead
litanate crystals, surface tilting, variant distributions, and self-accomondation were characterized
from optical and interference microscopy. The twinning system was explicitly identified as
{110}<110> using transmission electron microscopy. Lattice parameters were derived by the X-
ray technique. All structural information is interrelated, and well explains the transformation
crystallography in PbTiOj3 single crystals. Similar investigations were conducted on other ceramic
:inatcﬁaég. such as ZrO;, PSZ, Gd,03 and BaTiO3 crystals and the results are compared and
iscussed.

275A.Shape Memory and Pseudoelastic Behavior for Ceramics with Field-

Induced' Antiferroelectric-Ferroelectric Phase Transformations
PinY ang and David A. Payne {TO BE PRESENTED BY W.A. KRIVEN]

Electrically induced deformations associated with antiferroelectric (AFE)-to-ferroelectric (FE) phase
transformatioas in tin modified lead zirconate titanate (PZST) ceramics arc reported. The total strain
is comprised of a (i) spontaneous strain which occurs at the phase transformation and a (i) strain
associated with domain alignmen: on poling. Thercfore, the total induced strain is greater than the
converse piczoelectric effect normally associnted with ferroelectric materials, and as such, is attractive
for potcatial device applications. Depending on reversible and irreversible characteristics, associated
with the temperature of operation and thermal hysteresis, the deformation process can be classified as
superelastic or shape memory behavior, Superelasticity is obscrved at temperatures above the FE-
AFE transformation temperature (TA) with immediate strain recovery upon release of the electric
field. Electrically induced irreversible straing, within the thermal hysteresis region (Tg < T < Ta), are
recoverable upon heating above Ta; and give rise to a shape memory effect, the extent of which is
dependent on the magnitude of the AFE sublattice coupling. Shape memory and superelastic
behavior are explained in terms of competing thermodynamic stabilides for the AFE and FE phases.
Implications 1o other ceramic systems are indicated.




*276. Phase Changes at Zirconium Ceramics Thermocycling

ON. Kanigina, I.P. Gerashenko, EM. Pak and 1.C. Sevastjanova

Zirconium ceramics samples ovened at 1873 C mere studied 4
hours fefore and after thermocvcling by SCAN, TEM. RSA methods.
The samples contained poreproducing addings e.i hollow corundum
microspheres from 2 to 20 percent in mass. The Thermocvcling was
achieved bv heating and cooling at the rate of 260 degree/min.
Thermcsolidity was juded by the cvcles number the samples stood
before the distruction. Thetragonal-monoclean martensite
change of zirconium dioxide occures at thermocvcling it s
intensitv depends on microsphere containance, The samples
thermosoliditv is defined bv the phase martensite intensity
samples with macximum thetragonal phase contence before cvcling

are the most thermosoled. They can stand three times rmore
thermocyvcles. The distruction takes place after the phase change
finished.

277. TEM Study on the Concrete Process Details of the Martensitic
Transformation in (Y,Mg)-PSZ Ceramics
Dai Zhurong, Li Baocheng, Wu Houzheng, Chen Yuru and Liu Wenxi

The marteasilic nature of the transformation from tetragonal structure(t—ZrO,) to monochnic
structure(m—2ZrQ,) in zirconia ceramics is well known and has been the subject of many siudics. When
a few contents of Y,0, was added into the material on the basis of the composition of magnesia par-
tially stabilized zirconia(M g—PSZ), the phase of tetragonal zirconia(t—-Zr0,) tended 10 be stabilized, so
that the process and details of t-ZrQ,->m~ZrQ, martensitic transformation were clearly displayed. In
this papcr, the concrete process details of the martensitic transformation, including its nucleating and
developing, in (Y,Mg)—PSZ were observved in situ by means of TEM. The results indicated that as the
effect of the contact stress between t—2r0, precipitates, a group of martensitic subplates was gencrated
carly at the phase boundary of 1-ZrO, and C—ZrO,, then they were advanced through the tetragonal
precipitate and finally, another group of martensitic subplates was induced within the spacing between
the carly formed subplates as a rcsult of the elastic strain rclaxation. Both groups of martensitic
subplates formed into the relationship of (100)m reflection twinning in essence. In addition, the
crystailograph on the martensitic transformation was studied. The conversion matrices between
martensitic subplates and tctragonal phasc are My, and Mq. They are given by M,, =S, + By and
M;=S;+ By, where Sy and B,y rcpresent the shear matrices and Bain distortion matrices
respectively. The martensitic transformation matrix M in whole range of the ictragoial precipitate is
equivalent to the composite rcaction of My and My That is M =xS,, + B, +(1-x*S; » By, where
x =1/ 2is the volume fraction of a group of twin—rclated subplatcs.

278. Effect of Martensitic Transformation on Mechanical Properties of Al;03-Zr0O»
Ceramics
ON. Grigor'ev, Yu.G. Gogotsi, VK. Sulzhenko, G .E. Khomenko, N A.
Orlovskaya and G.S. Krivoshey

The structure, stressed state and fracture of hot-p;essed,
transformation toughened alumina (ZTA) ceramics are studied by
transmission aad scanning electron microscopy and  X~-ray
diffraction. The influence of processing and composition (content
of Iro0 and Y,0;) on strength and fracture toughness 18
investigated. It “is shown that the martensitic t-m phase
transformation, as well as microcracking and crack deflec;xon, is
responsible for the mechanical properties of 2TA ceramics. The
contribution of stress-induced (that is, occuring in the region
ahead of a crack tip) t-m martensitic transformation to fracture
toughness of ceramics is evaluated. The mater?}is ,with @he
constant fracture toughness values of 8.5 MPa'm in a wide
concentration range (10-40 mass § 2ZrO, and 0, 2, 3 mol % Y,0,) are
developed. The maximum strength was o served for ceramics with 30
mass % Zro, and 3 mol % Y,04.
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279. Transformation Plasticity of Ceramics in Non-Proportional Compression
Sun Qung-ping

In this paper, by using moire interferometry and strain gaup=s, the experimental observation
of the anomalous plastic behavior of ceria—-stabilized tetragonal zirconia polycrystals
(Ce~TZP) under non—proportional compression are presented and the microstructural
mechanisms of such behavior are discussed. The non ~proportional compression is realized
by two stages, i¢,, first compressing the 10mm x 10mm x 10mm sized specimen along axial
direction to cause transformation plastic deformation and unloading, then reloading the
specimen along the radial direction to cause further plastic deformation. Two strain gauges,
along axial and radial directions respectively, are attached on one surface of the specimen to
continuously record the stress—strain curve during loading and unloading by two X-Y
recorders. At the same time, 8 moire grating is attached to the other surface of the speciaen
to record the corresponding in—plane strain distribution. The experimental results are ana-
lyzed and compared with the theoretical model proposed by the author.

' 280. Microstructures of Athermal and Stress-Induced Martensites of Ti-V-Al

Shape Memory Alloys
J.S. Lee Pak, C.Y. Lei, Ming-Hsiung Wu, HR.P. Inoue and C. Marvin Wayman

Microsuuctures of both athermal and suess-induced marlensites in Ti-4.0A6 shape memury alloys contaitisny
vanadium between 14,1 and 16 .8 (in weight per cent) have been mivesugated by means of elecuui tctnscopy. Thew
1wo By martensites have an ordered facecontered orthorhombic stuciure and vansform from e {31 parent phae wak
an ordered lewagonal structure. The athermal maneasite fonns in the shape of plaies 2around 400nm wide conLundy
high density of internal faults, or (10&)‘31* {or (Tm)bc ) microtwing. On the other hand, the suess-induced
martensite forms in the shape of rather intricate zigzag paucins of thin plates (around 200 nm wide) which arc
slightly smallker than the athermal mantensite, bul also have 2 high density of intemal faults paraliel w the (1035

plane. Variants of the suess-indu.ed martensite have a (11 1)1 (or (T01 e ) twin relationship

281. Influence of the Solution Treatment on the Martensitic Transformation
Temperature and on the Microstructure of a Cu-Zn-Al Alloy
Michel Morin, David Rios-Jara and Gerard Guerin

The effect of various step quench has been studied on a Cu-Zn-Al alloy with 8 wi pct Al The
temperature of the martensitic transformation (Mg) as a function of the siep quench tewporature i<
found to exhibit a maximum near the TB?2 temperature (temperature for the transition from the
desordered to B2 ordered beta phase).

A systematic study of the microstructure of this alloy step quenched at different temperatures
has been carried out. From this werk, it is shown that the TR ordering has a large influence on the

microstructure nbtained after a step quench.

282, Stress-Induced Martensitic Transformation and Deformation Behaviour
of Single Crystal of the NiAl Alloy
Kazuyuki Enami, M. Togawa and Vzleri V. Martynov

The stress-strain behaviour, structural and microstructural change during
tensile deformation of the single crystal of 63.2at%Ni-Al alioy with [001] and
[011] axes were investigated by in situ optical microscope cbservation and X-
ray Laue method. In the specimen with [001] axis, two stage pseudoelastic
deformation was found to exist above Ms temperature. The first stage yield
corresponds to the formation of the seven layer 52 structure and the second
one the beginning of the formation of the “single variant” crystal of the Llo
martensite phase at the expence of 52 M phase. From in situ optical micro-
scope observation and X-ray analysis, it was found that the Llo M phase formed
at the crossed region of two different variant crystals of the preceding 52 M
phase. In the specimen with [011 axis on the other hand. only 52 M phase
formed and Llo M phase did not form until the specimen was raptured. This
i difference is well explainad by the shear wechanism and its orientation
1 dependence of 52 M to Llo transformation. From the temperature dependence of
' the stress-strain behavior, a phase diagram of the stress-ioduced transforma-
tion of the NiAl alloy in the temporatue stress space was established.
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283. Martensitic Transformation and Sub-Structures of Martensites in Ni-Al
Alloys with Different Quenching Rates
Cheng Tian,. (T.Y. Cheng)

Rapidly solidified Ni-21 wi%Al alloys with different cooling rates were manufactured by melt
spinning process. The microstructures of spun ribbons have been investigated by TEM, FDS,
XRD and DSC.

it has been found ihiat the martensitic transformation of B-NiAt was suppressed partly and
replaced by pre-martensitic transformation. The extent of suppression related directly with
cooling rates during rapid soliodification or quenchirg rates of ribbons. Moreover, NiAl
martensites with different sub-structures such as twins and stacking faults with different
morphologies have also been observed.

The effects of quenching rates on martensitic transformation of $-NiAl and different sub-
structures in NiAl martensites and a possible mechanism have been discussed.

*Permanent adrress: Metal Materials Section, Beijing Institute of Technology, P.O.Box 327,
Beijing 100081, P.R.China

284. Isothermal Martensitic Transformation in Cu-Base Alloys
V.A. Lobodyuk

The isothermal kinelics of martensitic transformation {in the
nonferrous metals was firstly reported for Cu-23,5% Sn-2,0% Ga
s1-. IL was shown tLhat after formatior of first portions of
athermal martensilte slow transformation Lakes place at constant
temperature. This transformation continues during 20-60 min;
transformation rate has a maximum value {in the initial moment
decreasing with time. It was di scovered that in
Cu—C€23,5-24.00%5n-2,0%Ga the §sothermal transformation occurs when
the magnitlude of Vickers hardness is equal to 3-4 GPa. Such
values can be reached after ageing at 100-200°C for 1-5 min or
after rolling on 5-10% In aged alloys there are different
successions of isothermal and athermal kinetics.It was determi ned
the temperature rate dependence of isothermal martensitic
Ltransformation: with lowering temperature the transformation rate

is essentially descreased. Transmi ssion electron mi croscopy
observations have shown Lhat quenched Cu-Sn-Ga alloys were
always ordered. Partial decompos!on which occurs during

quenching is followed by the formation of the precipitates of FCC
S-phase Ca=1,795 nm>. An additional decomposttion proceeds during
ageing at 100°C for S min or at 200 C for 1-2 min resulted in
considerable hardening effect. It was supposed that transformation
kinetics in Cu-Sn-Ga alloys |is influenced by the stress
relaxation processes which depend on the state of alloys.

1. V.A.Lobodyuk, T.G.Sych, L.G.Khandros. Metallophysica,1981,3.1284

285. Damping Capacities in Fe-X%Mn Martensitic Alloys
Chong-Sool Choi, J.D. Kim, TH. Cho, S.H. Baik and G.H. Ryu

The damping capacity has been investigated at room tcmperature for the as-quenched Fe-Mn
alloys having manganese content from 5 to 28 wi%. In these alloys, the Fe-17%Mn alloy shows
the highest damping capacity, SDC = 28 at Jmx = 8X10°4. The damping capacity of the
Fe-17%Mn alloy increases with increasing the € martensite content, showing a peak value at and
around SO vol.% €, and decreases with further & martensite content. This suggests that the
damping capacity of the alloy is closely related 10 the total r/e interface. Thus, the reason
why the Fe-17%Mn alloy shows the highest damping capacity in the Fe-Mn system may be
attributed to the following factors : (a) Since the Fe-17%Mn alloy has a lower value of stacking
fault enecgy thao othe: Fe-Mn alloys, the 7/& imerface can move =asily cven by the shght
stress such as the vibration stress. (b) The as-quenched structure of the Fe-17%Mn alloy is
composed of about 50 vol.% & corresponding to the maximum value of the 7/& interface in
the mixture structure of 7 and €. 51
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. I . 286. Reversible and Irreversible Transformation Plasticity Deformations in
Fe-Ni-C Alloys
J.S. Zhang, Elisabeth Gautier and A. Simon

Transformation plasticity deformation has been measured versus the progress of the transformation
for different thermomechanical paths. Anisothermal creep tests and tensile tests have been performed
on two Fe-Ni-C alloys whose Ms temperatures are about -35 and -150 °C. The reversible part of the
ransformation deformation has been determined by rapid heating up to temperatures above Af, and
cooling. The variation of that reversible deformation versus the martensite content and the
thermomechanical conditions of transformation have been obtained. For anisothermal creep 1ests, the
results show that concerning transformation plasticity deformation versus martensite content, it
increases rapidly at the beginning of the transformation and the increase lowers as transformation
content increases. Comparning the two alloys, they show a similar behaviour if we consider the effect
of the applied stress normalised to the flow stress of the parent phase. For the tensile tests,
transformation plasticity has been measurad at different tests temperatures, confirming the difference
in behaviour in the elastic and plastic deformation range observed previously (1), low deformation
associated to the transformation in the elastic range and larger ones in the plastic range. The
measurements of the reversible part of the transformation deformation show a larger reversibility in
the plastic deformation range. On a microstructural point of view, observations are performed in
order to quantify the anisoopy of martensite orientation

These results are discussed considering the origins of transformation plasticity, anisotropic plastic
accommodation of transformatian strains, orientation of martensite plates and the factor which can
madify these contributions (transformation accommaodation mechanisms).

1 - E. Gautier and A. Simon, Proc. Phase Transformation 87, The Institute of Metals, I'd G.W
Lorimer, 285, 1987.

287. Study of the Thermomechanical Fatigue of a Cu-Al-Ni Alloy Subjected
- to a Bending Test
F.Trivero, Michel Morin and Gerard Guenin

The thermomecanical fatigue of a Cu - 13.5 wt pct Al - 4 wt pet Ni shape memory alloy,
which transforms close 1o 70°C, has been studied. A siatic bending force has been applied 10
parallelepipedical samples during a large number of thermal cycles (about 5000). Small chockes have
been sticked on the samples to realize the bending. The thermal cycling has been made between two
oil bathes at 20°C and 150°C. For each cycle, the Stress Assisted Two Way Memory Effect is
induced, due to the martensitic and reverse transformations of the samples.

The influence of the applied stress and thermal cycles number have been measured as well as
the memory strain amplitude. By changing the thickness of the chockes, the effect of the strain
ampitude has also been observed.

Finally a previous thermal cycling with higher stress than the test stress has been applied. The
resuiis obtained after this treatment have been compared with the first measurements. It is shown thal
this previous thermal cycling improves the toughness to the thermomecanical fatigue of this alioy,

288. Deformation Twins and Martensite in Ductile B2 Alloys of the Zr (Pd, Ru)
System
R M Waterstrat, Leonid A. Bendersky and Raymond Kuenizler

A martensitic transformation that occurs in the equiatomic compound ZrPd at about
540°C can be reduced to room temperature by the substitution of Ru atoms for
about 281 of the Pd atoms. A hardness minimum and a sharp maximum in the
electronic specific heat coefficients are observed at the approximate composition
ZrooPdysRuy,. Ordered B2 phase crystals having this composition exhibit
gignificant ductility when tested in tension and evidence for crack stabilization
is observed prior to fracture. Deformation twinning of the (1l4)-type and s
relatively high density of dislocations has been observed in TEM studies.
Martensite formation occurs at lower temperatures in this same composition range.
The structure, orientation relationship and morphology of the martensite crystals
were analyzed by TEM. Competing mechanisms of dislocation slip, twinning and
martensitic transformation for accommodation of the deformation will be
discussed.
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289. Anharmonic Behaviour of Cu-Zn-Al Alloys
B. Coluzzi, Andrea Biscarini, Fabio M. Mazzolai, C. Costa, S. Ceresara and A. Giarda

Internal frictian and Youug’s modulus hiave been measured as a function of ten-
perature in a CuZnAl alloy at varying amplitudes of the resonant flexural vibra-
tions. It has been found that anhuarmonicity is low in the pareut g phase and culy
shows slight premonitory effects of the martensitic transition abeve M,. The alluy
system becoumies very anharmonic in the transition region, where the amplitude
dependence of the Young's modulus passes through a pronounced maximum. The
source of such anharmonicity is believed to be related to the lattice metastability.
Below My anharmonicity is high, approximately temperature independent aud,

likely, is associated with hysteretic notions of martensite-martensite iuterfaces,

290. Internal Friction and Microdeformation of Ni-Ti-Nb Shape Memory
Alloys
Jose San Juan, V. Recarte, Maria Luisa No and Jan Van Humbeeck

A new Ni-Ti-Nb shape memory ailloy family has been recently developped.
This alloys show the advantage of having a very good ductility, they also
exhibit a high transformation hysleresis which is of great interest for
some specific sorts of applications. Otherwise the microscopic
mechanisms responsable for this important hysteresis has not been well
precised ye!,

in this work, we have studied, by internal friction and microdeformation
the behavior of a 47Ni-44Ti-9Nb alloy, in the whole temperature range
including the transformation cycle. The results we have obtained show
clearly an impartant asimetry on the transformation cycle depending on
wether the temperature increases or decreases. In additicn to this, this
alloy shows a high damping ability on the martensitic phase.

291. Morphology and Fracture of an Isolated Martensite Packet
Yuri G. Andreev and Mstislav A. Shtremel

Speciemens of various orientations cut of a large martensite packet, which is formed
in a quenched austenite singlecrysta. of .37C-1.5Cr-3.0Ni steel, have been studied
by metallography, TEM, micro~- and X-Ray diffraction. The three-dimensional model of
a packet, consisting of six types of laths, have been constructed. Crystallography of
laths is predetermined by the six systems of K-Z homogeneous shear. Habit plane
of laths is approximately (111), plane, being their common plane of the "first" shear.
The long axes of laths are close to [011], (110}, [101]l;, which are their “"second"
shear directions. The tetragonality axes lie at an angle of 45°to the direction of
the "first" shear [112], [121], [211];. Experimentally observed G-T orientation
relationship, as well as dispersion of orientations, found to be in agreement with
the calculated rotation of lattice from plastic accomodation. The packet grows from the
single lath. Self-accomodation of laths of different orientations, determines the mode
of their stacking and, therefore, the structure of the packet. All the interlath
boundaries within the packet are low-angle or close to special (regular) twist ones,
formed by the systems of screw dislocations, generated by plastic accomodation.
These boundarieg are of low mobility. In the BCC lattice they have a long-range
stress field and thus are resistant to moving dislocations. The interfaces between
the packets are of the facet type with 77% of high angle irregular boundaries,
Torsion and bend tests of microspecimens, cut of the packet, show strong anisotropy.
Common (111); of the packet is the plane of the easiest slip. Stereophologrammetry
and optic reflectometry of fracture show, that (001, rormal to tetragonality axis, is
the only clevage plan..Tha difference in frarture relief on the two haives of the
fractured specimen shows, that clevage occurs in front of the main crack, and the
facets join the crack after plastic flow and shear along the edges.
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292. The Effect of Oxygen and Carbon on the Fracture Behaviour of Cu-Al-
Ni Shape Memory Alloys
Stephan Eucken, G. Otio and G. Viefhaus

A Cu-Al-Ni alloy was remolten and meltspun in different
atmospheres. Shape memory, fracture strain and fracture behaviour
of the ribbons were determined by tensile testing directly after
production or after ageing treatments. While unaged ribbons
produced in He-atmosphere performed a favourable shape memory
effect and a high fracture strain, the ribbons meltspun in air and
aged specimen exhibited a brittle intergranular fracture after
small fracture strains. While there was no significant difference
in microstructure visible at all ribbons used for this
investigation weather in light, electron or transmission electron
microscope, an auger spectroscopic analysis on oxygen and carbon
indicated layers on grain boundaries of all brittle fractured
specimen and just very small amounts of these elements on the
fracture surfaces of the favourable ribbons.

293. Effect of Microstructures on the Impact Fatigue Properties of
40CrMnSiMo VA Steel
Chen Da-Ming, Kang Mokuang and Tan Ruo-Bing

Impact fatigue properties of ultra high strength 40CrMnSiMoVA sieei have been
investigated. Four kinds of notched specimens and five different heat treatments were em-
ployed in the test. Experimental results show that the bainitic microstructure has longer fa-
tgue crack initiation life Ny, slower crack propagation rate da /dN and longer fatigue
crack critical length a, than the martensitic microstructure. The reason has been indicatd in
the present paper. As a result, it is queried whether the static K, value could be used to de.
termine the a_value of a practical part under conditions of fatigue loading.

294. Effect of Microstructures on Strain-Controlled Fatigue Properties in an
Ultra High Strength 40CrMnSiMo V Steel
Chen Da-Ming, Kang Mokuang and Tan Ruo-Bing

The strain—controlled fatigue properties of different microstructures in an ultra high strength
40CrMnSiMoV steel have been investigated. The results show that the martensite structure
obtained by isothermally quenching at 190C  is cyclic softening, while the meta—bainite
which consists of ferrite laths and retained austenite films distributed between or in the laths,
obtained by isothermally quenching at 3007C, ecither tempered or not, is sharp cyclic hard-
ening at first, and then slowly cyclic softening dunng fatigue. As a result, the cyclic
stress—strain curve of mecta—bainite with a lower onginal g4, value is higher than that of
martensite. The fatigue life of meta—bainite is longer than that of martensite in the range of
2N > 10°, which is contrary to the traditional viewpoint. It is believed that for a constant to-
tal strain amplitude thé cyclic hardening decreases the component of plastic strain and makes
the microplastic deformation homogeneous, while the cyclic softening increases the compo-
nent of plastic strain and concentrates the micro—plastic deformation. Therefore, the lower
0y, value and g4,/ o, ratio of the meta~bainite is its advantage, other than weakness.
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295. Effect of Plastic Deformation on Structure and Reversible Martensitic
Transformation in CuZnAl Alloys
Jerzy Morgiel and Jan Marek Dutkiewics

The stripe of CuZnAl alloys with Ms equal -17 and -74°C  were
rolled up to 10 and 30% deformation. t1he structure changes were
monitored through optical and transmission electron microscopy.
while the electrical resistivity measurements were used to asses
the characteristic martensitic transition temperatures. The helght
reduction of hysteresis toop of reversible martensite
transformatlion with increasing deformation was found to correspond
to increasing amount of martensite introduced during rolling. The
hystereslis helght reduction is accompanied by down shifting the
start of martensite transformation. The electron diffraction
showed that, small part of martensite introduced durling rolling
has 2H structure while the rest was 18R e. 1. the same as {ormed
during cooling. The in-situ cooling and heating experiments showed
that in thin folls, where some strains from rollling are relaved,
the previcusly stable deformation martensite may elther resume its
growth during coollng or start to shrink during heating,
confirming lts full similarity with athermal martensite

296. Texture Transformations During Strain-Induced Martensite Formation
Ljudmila M. Kaputkina, Sergei D. Prokoshkin and Tatiyna V. Morozova

This work was aimed at studding structure, texture and mechanical
properties of steels atter rolling and tensile 1n range of Md
Ms (Fe-0,06C-14,1Cr-6,0N1~1,5M0-1,9Cu) and Ms - M{ {(Fc-U,000-
14,3Cr-7,6N1-1,6Mo0). In this range the existence of deformastion
Ltemperature area in which the final martensite texture transforuws
from {112)<110> to {}li}<uvw> hLas been detected. After rolling
yield strength increased up tu 1600 MPa while anisatropy of Slewel
strip was absent. The study of reverse wmartensite translolialian
fias showed the existence of liocar sShage memory cllect.

297. Strain Induced Martensite Transformation in a Low Carbon-Low Alloy
Triphase Steel
Shen Lian and Li Hua

A low carbon—low slloy triphase (F—M—A) steel containing 7~ 16% retained austenite is ob-
tained by composition design and intercritical annealing. The strain induced martensite trans-
formation in the retained austenite during tensile deformation and its effect on tensile proper-
ties have been studied by X—ray diffractometer, tensile test machine and transmission elec
tron microscope (TEM}. The experimental results show that the retaind austenite is an iso-
lated type and it is unstable mechanically. The strain induced martensite transformation oc
curs in it during tensile testing. The amount of retained austenite decreases from 16% to
2.64% at uniform elongation of 7.85%. The strain induced martensite transformation process
is observed in situ deformation by TEM. The sequence of transformation is retained austenite
(f.c.c.) »=stacking fauit (h.c.p.) ~martensite (b.c.c.). The effect of retained austenite on tensile
properties of steel is remarkable. 0,. n;. nandé, areenchanced, 0,. ¢,/ 0,. 6 and ¥ are
decreased and the resistance to formation of necking is increased.




" 298. The Influence of Volume Change on Stress Induced Martensitic

Transformation in Tension and Compression
Sun Qing-ping

Constitutive relations and the accompanying microstructural changes in the stress induced
martensitic transformations of two kinds of alloys, one with volume expansion and the oth:
er with volume contraction, are studied respectively in present paper. Based on the
micromechanics and thermodynamics constitutive model developed by the author, the theo-
retical results for uniaxial tension and compression are derived respectively and compared
with the experimental data of two polycrystailine iron alloys. One was an
Fe~29% Ni~0.2% C which formed a’—martensite with a volume expansion of about 4%,
and the other was an Fe~32% Mn-0.2%C which formed €'~ martensite with a volume con-
traction of about 2%. A good agreement between theoary and experiment is obtained.

299. The Orientation Dependence of Ti-Ni Single Crystals Mechanical

Properties
Yul. Chumlyakov, N.S. Surikova and AD. Korotaev

The orientation and temperature dependence of the resolved shear stresses v,
plastic deformation and fracture have been investigated systematically by tensile
testing in Ni-rich TiNj single crystals (Mg = 208 K and Mg = 243 K) . A
strong orientation dependence of the resolved shear stresses, plasticity and the
mechanism of fracture have been found. At first, it has been shown that +_ in
B2-phase in a “hard“ orientations <001>, <011> are about three times larger
than ¢, for “soft" orientations <111> and <112>. Secondly plasticity o_:' the
<111> crystals in B2-phase is 30 + S0 times larger than in <oo1>. Thirdly,
the “hard® crystals have been britily destructed without the plasticity of
transformation in the temperature range Mg-Mg, and My in <001>, <011>
crystals is about 100 + 150 K larger than in <111> orientation. Experimentally
obtained results have been discussed in details. The main prominence is given
10 the role of slip localization during the deformation in the high temperature
B2-phase and a high level of the stresses achieved in <oo01> crystals and a
change of acting slip systems in “hard* and “soft" orientations.

300. Variation in Dislocation Substructure During Tensile Deformation of

Tempered 300M Steel
Zhao Jingshi and Zhang Lin

The variation in dislocation density and dislocation cell size during tensile deformation of
quenched and tempered 300M steel was investigated. The dislocation density increases with
increasing strain. The dislocation cell size decreases with increasing strzin, and reaches to a
critical size. After that the cell size remains constant, even while the strain continues in-
creasing. The local stress—local strain curve shows that stages II and I work hardening exist
even in quenched and tempered ulira—~high strength steel.

301. A Study of Impact Toughness of Fe-Cr-X Damping Alloys
Lu Junsheng, Liu Xiaodong, Zheng Wenjie, Wu Baorong, Bi Hui and Wang Guijin

Fe-Cr-X damping alloys are prevented from being widely applied due to their poor impact toughness
caused by coarse ferrite grains and carbides as high solution temperature and low cooling rate are adopt-
ed in order to obtain satisfactory damping property. The emphasis of this paper is placed on investigat-
ing how to improve impaci toughness of Fe-Cr-X damping ailoys. It is concluded that two measure-
ments may be utilized. One is suitable for alioys of singie phase of ferrite, when damping capacity as
high as possibie is mostly desired. The other is becoming important when the combined properties of
damping capacity, strength and toughness are needed. Of the two the Jatter one is more convenient and
ecnomical and therefore is discussed in a littie detail It is found that the small martensite islands in the
f_’errite matrix can enhance impact toughness significantly, but lower damping property drastically at

t'hc same time. Sc¢ a balance should be made between mechanical properties and damping capacity by

propetly controlling the volume fraction of tempered martensite in dual-phase damping atloys.
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302. Step-Wise Transformations in Shape Memory Alloys
Graziella Airolds, S. Besseghini and Guido Riva

The Stimulated Step-wise Martensite-Austenite Reversible Transformation (SMART ) 1s here exanuned
in NiTi, NiTiFe and AgCd alloys SMART looks consequent to local microstructural *'memories”
imprinted following a sequence of incomplete thermal cycles on heating from full martensite phase, freely
selected with a decreasing rank within the reversion temperature range [A Al SMART s here
reconsidered at the light of recent X-ray diffraction data, which clearly evidence the reversibility of the
underlying process Resultsrelated to SMART on NiTiFe and AgCd alloys are here given and the general
key features of the SMART are pointed out. At the light of recent papers on the hysteretic behaviour of

Shape Memory Alloys (SMA), SMART experimental phenomenology is discussed

303. Two-Way Shape Memory Effect Generated By Deformation of Parent
Phase in Ni-Ti
Shoichi Edo

The two-way shape memory (TWSM) effect generated by deformation of the parent phase in Ni-Ti alloy bas been
jnvestigated. The start samples arc cold-drawa polycrystalline Ni-Ti wires with the djameter of | mm and a pearly
cquiatowic alloy composition. Aged samples with linear shape are deformed in bending or teasile mode and then heated
uader constraiot 5o as to generate the TWSM. The spontancous shape changes on cooling asd beatng arc measured s a
fuaction of ageing temperatuse, coustraint temperature, and constrainl Uime. As ageing lemperatuse incieases, thic
amount of shape change designated eTyw)\ increases. The increase of the transformation heats with ageing ucatment are
observed by differcntial scanning calorimetry (DSC). This phenomenon is thought to be refated to the relarauon of
suraios introduced at wiredrawing which iohibils the transformations. Such sirain relaxauoa promoles the plasuc
deformation under constraint heating and the residual internal stress ficlds generaung the TWSM. As constraint
temperature increases, the critical shear stress for reverse Uansformation of stress induced maricnsites (SIM) iqcrca.scs.
while that for usual slip deformation decreases. This results in an increase in €7 wh. because the residual iniermal
stress fields are formed more easily by the plastic deformation. e7w) increases and decreases depending oo consuaist
time. The phenomenon suggests the presence of accumulation and relaxation processes of the internal stsess fields uader

constraint beating.

304. X-Ray Diffraction of Rapidly Solidified Ti-Ni-Cu Shape Memory Alloy

Minoru Matsumoto, T. Suzuki and Yasubumi Furuya

Ti-Ni-Cu shape memory alloy has exellent mechanical propertics. TiggNigg. Cu, (x=0-
20) shows one step martensitic transformation {x=0-10) and two step one ({(x:10-20).
The object of this paper is to clarify the crystal state of rapidly solidified

TisgNisg.,Cu,(x=0-20). The specimen was made by a melt-spinning machine which was
used in rapid quenching. The specimens were 2mm in width and 35 pm in thickness.
X-ray diffraction to TisgNisg.,Cu, ribbon was performed using diffractometer of Cu
Kg. The temperature was changed from 230 to 370 K. From the diffraction pattern,
(1) specimens were a perfect crystal, (2} a part of TisgNis,_ ,Cu, specimen seemed
to be in an amorphous state, {3) the measurement diffraction intensity of (200) in the
parent phase was larger than the calculated one as a powder specimen, then the pre-
ferred orientation was observed and (4) thermal hysteresis was observed in diffraction

intensity on the thermal cycle by heating and cooling.

304A.I\ii)art§nsitic Transformation in Rapidly Solidified Ti-47 at.% Al Alloy
owder

Minoru Nishida, T. Tateyama, R. Tomoshige, K. Morita and A. Chiba

The microstructural characterizations of PREPed Ti-47 at.% Al powders have been made in the
present study. There were two kinds of powders, i.e. M and D powders, with respect to surface and
cross-sectional morphologies. M powder had a surface relief of a martensitic phase and D powder

had a dendritic structure. The former consisted of az lath plates with twin relationship and the
primary phase during solidification was deduced 10 be the p- phase. The latter consisted of ayfy
lamellae and y phases decomposed in the az matrix. These features suggested that the cooling rate of

M powder was lasger than that of D powder.
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304B.Junction Plane of TiNi Martensite Variants

Minoru Nishida, Kiyoshi Yamauchi, A. Chiba and Y. Higashi

Internal structures of martensite in Ti-50.1 at.%Ni shape memory alloy have been studied by
transmission electron microscopy (TEM). Internal defect of martensite vanant was confirmed (o be
<011> Type Il twinning by electron diffraction. Spear-like (111) Type 1 twinning planes were
observed at many of junction planes between martensite variants. It suggested that (111) Type |
twinning was variant accommodation twinning which is introduced as a means of mutual
accommodation of shear strains between variants.

305. Formation of Ti-Ni Shape Memory Films by Sputtering Method

Akira Ishida, A. Takei and Shuichi Miyazaki

A thin film of T{-N! is a promising actuator for mlcro robots,
In this study Ti-Ni films in the range of 48.9 to 51.4atxN{ werc
formed by magnetron sputtering under varlous conditions. The
compositions were determined by the electron probe micro

analysis. As-sputtered films were amorphous materials or
crystals depending on the sputtering condition. The films were
heated for solution treatment or age treatment. Their shape

memory behavior were estimated by thermal cycle tests under a
varfety of constant Jloads. The results revealed that they
exhibited a stable shape recovery characteristics.

306. Effects of Gg-ain Refinement on Phase Transformation Characteristics
and Mechanical Properties of a Ti-Ni Shape Memory Alloy

Yoshinobu Motohashi, Taketo Sakuma, M. Suzuki, Tajii Hoshiya and K. Ohsawa

The graln slzes of T1-50.7at.%N! alloy and T1-50.2st.%Ni alloy having no effect
on preclpltates were reduced by geans of a thermo-mechanical treatment. Then,
specimens having different Inft{sal grain s{zes ranging from 4.0 go 50pm were
made, and the graln slze dependence of martensitic transformation tlemperature
Ms was studled. Morcover, a tension test In & lemperalure range f[rom 77 to 423K
and a thermal cycling tesl under 4 constraint stress were conducted, and the
effects of the grain relfnewent on mechanical propertles asud shape mewmory
characteristics were discussed. Based on these results, It Is concluded thal
the graln reflincwent 1Is a falrly effective melhod for lmproving the shape
memory characterlstlcs of the Ti-Nt alloys withoul lowering other properties.

307. }\nltlrinsic Transformation Influenced Mechanical Behaviour in a NiTi
oy

Paul G. McCormick, Shuichi Miyazaki and Yinong Liu

Shape memory alloys are well known to exhibit thermal effects associated with the stress
induced martensitic transformation. Local temperature rises of up to 25K may be generated by
the transformation. In conjunction with the relatively large temperature dependence of the
transformation stress, such temperature rises can significantly influence mechanical behaviour.
In this paper we report measurements of the effect of specimen-ambient heat exchange on the
stress-strain characteristics of a Ni-49%Ti alloy. 1t is shown that the temperature rise
associated with the formation of stress induced martensite acts to stabilise against
transformation localisation, causing the transformatiun to occur in a spatially uniform manner.
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308. Effect of Hydrogen on Mechanical and Shape Memory Properties of Ti-
Ni Alloy
T. Asaoka, H. Saito and Y. Ishida

Effect of hydrogen on mechanical and cyclic shape memory
properties of Ti-Ni alloy was studied. For the study, the
original shape memory cycle test machine was constructed. The
shape memory c¢ycle was realized by electric current charge
heating and cold air spray cooling, in the manner of tensile
stress Joading. Hesults show that even a small amount of
hydrogen, which 1is not sufficient to form hydride, lowers
cyclic shape memory properties of this alloy. From the resulls of
mechanical test, it Is supposed that hydrogen does not affect on
the displacement process of martensite variants., Observed
decrease in cyclic shape memory properties due to hydrogen was
attributed to the 1{interaction of mobile hydrogen with
dislocations which were introduced during cyclic deformation.

309. Martensitic Transformations and Shape Memory Effect in
Multicomponent Compounds on the Basis of TiNi
V.P. Voronin, Vladimir N. Khachin and V.G. Pushin

Ternary and multicomponent ocompounds of TiNi with the
simul taneons alloying by Cu and one of the following metals ( AL,
Fe, Co ) were investigated by electron microsocopy, electron and
X-ray diffraction and mechanical test. It was established, that the
following sequences of martensitioc transformations (NT) realize in

. . *
the alloys. B2» R ~B19 , B2 -+ B19 and B2+B19 - B19 .The conneotion
between the MTe,the struoture of premarténsitio and S8ME parametres

under alloy composition variation were determinated. The laws of

alloying with the purpose of creating of materiasls with assigned
propérties were also determinated.

310. Martensitic Transformation and Shape Memory Effect in ZrCu
Intermetallic Compound
YuN. Koval, G.S. Firstov, and A.V. Kotko

Structural investigation of martenaitic transformation (MT) in ZrCu equiatomic
compound was carried out by an optical metallography, transmission electrqn
microscopy (TEM) and X-ray diffractometry. Formation of the two monoclynic
martensites with internal structure of different kinds has been observed in ae-
cast condition. Examination of ehape memory effect (SHE) behavior ehow that ZrCu
alloy demonstrate considerable shape recovery and recovery atresses. Influence
of thermal cycling on HT and SME cha-acteristics has been gtudied. The ehape
memory aspects of ZrCu alloy are discussed.

311. Shape Memory Effect, Structure and Properties of Ti-Ni Alloys After
Thermomechanical Treatment
Sergei D. Prokoshkin, Ljudmila M. Kaputkina, [rene Yu. Khmelevskaya, AA.
Kadnikov, S.A. Bonareva, Ljudmila P. Fatkullina ans S. V. Oleynikova
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312. iﬁect of Aging on Martensitic Transformations in Ti-50.7 at.% Ni
oy

S.V. Oleynikova, Irene Yu. Khmelevskaya, Sergei D. Prokoshkin and L. M. Kaputkina

This paper presents the studies of the effect of  heart
treatment( solid solution and aging ) on martensite transformation
(MT) temperatures, recovery strain and yield stress 1in various
semi-manufactured abjects made of Ti - 50,7 at.%Ni alloy. It shows
tbe possibility of smooth regulation of MT temperature intervals
owlth the helvp of aging and the possibility of obtaining Af near 37
C for application in medicine. The stage-by-stage character of
direct l:ﬂ' in the aged specimens-in case MT develops under a low
stress is 8 consequence of an external stress influence on the HT
development in grains with various orientation.

313. Electronic Pulse Beam Induced Martensite Transformation and Shape
Memory Effect

V.E. Domrachev, L. A. Monassevich, V.V. Myasnikov and Yul. Pascal

The !ameflate specimens of TiNi based alloys, containing 49.3 (alloy 1), 50.3 (2), 50.6 (3)
at,% Ni, 1 mm thick were irradiated with an electronic pulsg beam. The pulse duration was
1077 s, the current density varied from 0.1 to 1.6 kA/cm®. The diffractogramm was réad
before and after the treatment from both speciemen surfaces. To exclude the influence of
radiation damage and warming up on the phase state of the material a buffer plate of the
same materials was placed before the specimen, the acoustic contact of the latter with the
specimen was ensured.Some experiments were also carried out without a bufter plate. The
current deensity being 1.4-1.6 kA, residual changes of the phase state were found. The
irradition in martensite state in alloys 1 and 2 results in a reverse martensite transformation.
On both specimen surface from 40 to 100% of high-temperature phase was found. 5-10% of
martensite phase is formed in allay 3 as tesult of irradiation in high-temperature state. The
observed phase state changes are establist . be induced by pressure pulse, formed by a
thermoelastic mechanism. The martensite hysteresis loops befote and after the irradiation
were compared. As a result of irradiation the hysteresis loop stretches and shifts towards
lower temperatures. The hysteresis loop change is similar to that induced by a mechanical
cold hardening and is acompanied by broadening of x-ray profiles of a high-temperature
phase. This enables to conclude that the observed changes are due to a plastic component
of a pressure ‘pu(se and a material cold hardening induced by it. Under certain conditions
shape restitution of a material preliminary deformed in a martensite state as result of the
electronic pulse irradiation was observed. This enables to expect some interesting practical
application.

314. The Variety of Method of Phase Transformation Caused by Thermo-
Strain Cycles on NiTi Shape Memory Alloy
Long Shen, JF. Guo and M. Zhu

The varjety of the method of phase transformation caused by thermu-
strain cycles on 55.2wtXNi-Ti SMA was sludied in this paper. Speginl
method of thermo-strain cycles test has been designed and done. The
curves of internal frication in phase transform (@™ --T) and the

curves of registance in phase transform (f’—~T) have been measured on
the simple before and after its cycles test. Fellowing conclusions are
made by analysing results: 1)temperature range of phase transformation
was enlarged by thermo-strain cycles, and hystersis was increased. 2}
the method of phase transformaton(MPT} are changed by thermo-stirain
cycles from taking BZ<(=>R<(=>M as main MPT into taking B2¢(=>M as main
MPT. 3)to large strain ( £ =8%) cycles, B2<¢=>M MPT is good for decreas-
ing the fatigue degradation rate of shape memory effect.
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315. The Effects of Aging on the Transformation Behaviours in Ni-Ti-Nb
Shape Mcmory Alloys
RH.Yu YS. Liand Y B. Jin

It is known that Ni-Ti-Nb alloys exhibit a wide transformation
hysteresis after overdeforming in the martensitic phase because the
microstructure of them consists a hard ordering matrix(NiTi phase)
and a fine dispersed soft second phase{Nb-rich phase) which is cubic.
The formation of the soft second Nb-rich phase can be influenced by
heat treatment and alloy content.
The effect of heat treatment temperature on the martensitic
transformation temperature and the latent heat of transformations in
Ni47T144Nb9 and Ni47.5T144.5Nh8 Alloys were investigated and
calculated. Heat treatment after solution at 1173K were carried ocut
in the range of 6£23-1123K and then conled in water. Martensitic
transformation temperature and latent heat of transformation were
measured using a differential scanning calorimeter (DSC).
Both of two composition alloys showed wide transformation
hysteresis(about 150K) after deforming in the martensitic phase. The
transformation temperature and latent heat of transformation strongly
depend on the ageing temperature. That is, Ms of NI47Ti44NbS alloy
increased with increase ageing temperature while the latent heat
initiatively increased, reached maximum at 823K then decreased. Only
martensitic transformation take place in this alloy that heat treated
at all ageing temperature. Ms of Ni47.5Ti44.5Nb8 alloy changed
irregularly with change ageing temperature while latent heat of
- transformation reached maximum at 773K. The R-transformation takes
place while specimens were heat treated at some temperature. The
latent heat of', transformation in both alloys was related to the
transformed amount of phases.

316. Stlriess-lnduced Martensitic Transformation in a Ni-Ti-Nb Shape Memory
Alloy

Cai W., Zhang C.S. and Zhao Liancheng (L.C. Zhao)

Stress~induced martensitic transformation has becen investigated in a Ni-Ti—Nb wide hystcresis
shape memory ailoy by means of tensile tests at various temperatures and TEM analysis. During the
deformation at the temperaturcs between Ms and M; the stress—induced martensitic transformation
occurs and the rclationship between the critical stress for martensitic transformation and
dcformation temperaturc satisfics the Clausius—Clapeyron cquation, while the slope of the lincar re
lationship is lower than that of stoichometric NiTi alloys. The TEM observations show that a major-
ity of the stress—induced martensite variants exhibit sclf—accommodation, but some of the variants
around the f~Nb particles exhibit Jower self—accommodation. The substructure of the stress—in
duccd martensite is mainly type I (111),(Iwins and {001)),twins and antiphasc domain boundarics arc
occassionally observed. The oricntation relationship between the parent phase and the stress—in.
duced martensile with type I (111),{wins was determined to be [lli]., il [ﬁO]M, with {(101},, 5°
away from (001),,.

131




318.

319.

320.

The Two-Way Memory Effect and the Martensitic Transformation of
Two-Way Driving Element in Ni-Ti
Zhou Shou-Li and Zhang Yun-Guo

The two-way memory effect and the mar-ensitic transformation of two way driving
element in Ni-Ti have been studied by using electrical resistance measuremnt,
x-ray diffraction and TEM. The complete and incomplete cycle f— T curve and @ -
T curve have also been studied. The new procedures were adopted to keep the two-
way memory effect remain stable. The electrical resistance peak effects and R
phase transformation in the driving element were found to exist during the procedure
of two-way memory. There is a resistance peak at As followed by a range of leaving

off during the reversible procedure. It is suggested that the procedure of

transitions of two-way memory is: By <> ] esR =*R + Bjq. The observation on ¢ -

.T and f§ - T curve leads to the conclusion: the rotation in the temperature range

i
of driving element has good response and less thermal hysteresis. This element

exhibit great value for extensive application. Ffurthermore, it is alsc proposed

~hat the widening of the electrical resistance peak at As relates to residual

artensits.

The Uneven Deformation with Drawing Wire The Shape Memory Effect
Behaviour in Ti Ni
S.V. Shchukin, S. Yu. Kondrarjev and N.G. Kolbasnikov
The uneven deformation with draw TiNi alloy
wires on the shape memory effect properties 1s investi-
ted. It is determined In experimental results that the
ransformation glasticity, shape memory effect, residnal
deformation is decrease in 1.5-1.7 times with the Irac-
tional deformation of TiNi wires. It is shown that the
hysteresis loops 1s more closed with uneven deformation.

TiNi-Base Alloy Mechanical Properties and Shape Memory Effect
Parameters

Ljudmila P. Fatkullina, S. V. Qleynikova, A.B. Kainov and EB. Markova

The effect of technological deformation, thermomechanical and
thermal treatment on mechanical properties and shape menmory
effect (SME} parameters has been thoroughly studied for alloys
of various compositions. It has been shown that the temperature
of martensitic transformation is effected by alloying on one
hand and by ageing of alloys containing more than 50 at.$% Ni on
the other hand. The temperatures of martensitic transformation
attained depend both on temperature and time of ageing, and on
chemical composition, deformation treatment of semiproducts and
homogenization condition prior to ageing. Among other SME
characteristics, reactive stress which correlates with materials
strength is of practical importance. Main factors promoting the
strengthening of material have besn defined. They are dispersed
and uniformly distributed TiNi phase and polygonized sub-
structure. Wide range of TiNi alloys semiproducts commercially
produced by VILS and knowledge of the peculiarities of the
effect of main technological procedures on the SME parameters
alloys us tc meet various requirements of customers.

Study of Superficial Oxide Coats and Composition Changes in Cu-Zn-
Al-Ni Alloys after Heat Treatments

Pierre Charbonnier, Michel Morin and Laurent Buffard
Prolonged heat treatments have beea carried out on Cu-Zan-Al-Nj alloys. Different changes in
martensitic transformation temperature with thermal treatment conditions (tempgranire, duration) and
sample geometry have been observed. The growth, at the sample surface, of an oxide layer
essentialy constituted of alumina was shown in a previous paper. Surface analysis confirm this
tendency and chemical analysis show losses of zinc and aluminum durning heat treatment. We
explain the increases of transformation temperatures by the loss of these two elements.
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321. Effects of Compressive Pseudoelastic Cycling in Cu-Zn-Al Single

Crystals: Characteristics of the Induced TWSME
Eduard Cesari, Catalina Picornell and Marcos Sade

Single crystals of Cu-Zn-Al have been trained under compressive pscudoelastic cycling. As a result,
the two way shape memory effect (TWSME) was found to appear for a smaller number of cvcles
than in the samples submitied to tensile experiments. Temperature induced transformations were
studied by calorimelry in samples mechanically trained. Many of the characteristics of the thermally
induced martensitic transformation produced by tensile cycling also appear in this case, but some of
them (i.e. hysteresis width increase) become important after a higher number of cycles than in
tensile training.

Samples which show the TWSME after compressive mechanical cycling, are able to overcome an
applied opposing stress during the 8—>M transformation. A "threshold value” can be defined as the
higher stress that can be overcome by the sample before the degradation (measured as length change)
of the TWSME starts. This value increases with the number of compressive mechanical cycles and
its dependance on the orientation of the sample, critical stress applied, etc.. has been also studied.

322. The Effect of v Precipitates on the Two Way Memory Effect in Cu-Zn-Al

Jaume Pons, Marcos Sade, Francisco C. Lovey and Eduard Cesari

Small y-phase precipitates (O(100A) in size) can be produced in the B-matrix of Cu-Zn-Al alloys py
specific thermal treatments. When samples containing this type of precipitates are subjected to tensile
pseudoclastic cycling through the martensitic transformation, the two-way memory effect (TWME) is
induced after a relatively lower number of cycles (about 200 cycles) comparing to precipitate-free
samples. Once the TWME is present the sample can deliver a small amount of work against an
external force on cooling. It is shown that this capacity to produce work increases with the number of
cycles in the case of initially coberent precipitate distributions. ) _
Transmission electron microscopy studies were carried out in order to find a relationship between the
microscopic changes in the specimen and the appearance of the TWME. The results show that the
precipitates are deformed after pseudoelastic cycling, thus braking the cubic symmetry in favour of
the induced martensite variant. The intemnal stresses produced by the precipitates deformation could
account for the induction of TWSME.

323. Effect of Ni Content on the Phase Stability of Martensites in § Phase
Cu-Al-Ni Shape Memory Alloys

Hidekazu Sakamoto, M. Yoshikawa, and Ken’ichi Shimizu

The effect of Ni content on the phase stability of three kind of martensites,
71" (2H), B¢’ (18Ry) (or B;" (18Ry)) eand a;' (6R), thermally formed or
stress-!nduce& in Cu-Al1-Ni shape memory alloys has been studied. The phase
stability was evaluated by using our previocus data on the pseudoelastic behav-
for examined as a function of temperature in single crystals with <100> orlen-
tation of Cu-14.1A1-xNi (x=2.1, 3.2 and 4.3 mass%) alloys. Using the thermody-
namics of the stress-induced martensitfc transformations and the thermodynam:c
parameters such as equllibrium stress, which was the midpoint between the
forward and reverse transformation stresses, and the transformation elonga-
tion, it has been calculated that, with decrease of 1%Ni, the chemical free
energy G" of the ﬁl‘ increases by about 9 and 8 J/wole relative to those of
the 71‘ and a]‘ phases., respectively. The stress-temperature phase dlagram
In binary Cu-14.1A1 alloy was constructed by using equilibrium temperature T
and temperature dependence of equilibrium stress which were extrapolated from
those of the Cu-14.1A1-xNi alloys to x=0. It was found that N{ atoms more
stabfliizes the 51‘ phase than for the 71 ' and ai‘ phases.

324. Mechanical Behavior of Memory Brass

Scott Berry and Wally Peters

This paper describes the testing and analysis of the mechanical behavior of memory brass.
Specimens were cut out of a large piece of metal obtained from Memry Corporation to be tested
in uniaxial tension. The teasion tests were done at different temperatures o ascertain the change
:n behavion with changes in amount of martensite. Tests were also performed 10 measure the
constrained and restrained recovery properties of the material.

133




325. Differences in the Kinetic Grain Growth Between Cu-Zn-Al, Cu-Zn-Al-
Mn, Cu-Al-Mn and Cu-Al-Mn (8i) Shape Memory Alloys
FJ.Giland Josep M. Guilemany

In the shape memory alloys a great influence of grain size on sirmlar
transformation temperatures is observed, and also on thermodynamic values,
elastic and frictional energy ard mechanical properties among others. The main
aim of this work is to show how the grain size can be predicted for differcnt
copperbased shape memory alloys at different temperatures and heat treatment
times. The kinetic grain growth was studied in [M-phase alloys at room temperature
For each of these alloys, 30 slices were cut from the same bar, measuring S mm
in diameter and 4 mm in height. Two of them were used as reference samples,
whilst the rest were subjected to different heat treatments at 750, 800, 850 and
900°C and for 3, 5, 10, 15, 20, 30 and 60 min at each temperature. The
metallographic observations have been carried out by means of light microscopy
ard the image analysis. After the optimization process, grain size parameters
were identified and quantified. In the copper based shape memory alloys studied
very fast grain growth is observed at a given temperature for up 10 to 15 min
heat treatment but it becomes slower after this time, giving a constant grain
size at times above 60 min at the test temperature. The growth order ranges froo
0.69 for Cu-2n-Al to 0.35 for Qu-Zn-Al-Mn. The activation encrgy has also been
calculated assuring a simple diffusion law. This energy ranges from S0 to 100
KJ/mol for the different alloys.

326. The Effect of Melt Spinning on Shape Memory Behaviour of a Melt
Spun Copper-Based Shape Memory Alloy
J.H.Zhu, Druce P. Dunne, G.W. Delamore and Noel F. Kennon

CANTIM [25is a Cu-Al-Ni-Ti-Mn alloy which is commercially produced as a high strength, high
temperature SM alloy. Although grain refinement is achieved through the presence of relatively coarse
X-phase [(CuNi)y sTigasAln 251 particles, the grains in hol rolled strip are still relatively coarse
{~200 pm) and the ductility is still limited.

In the current investigation. the rapid solidification technique, i.e. melt spinning, was employed to
form thin strip directly from the melt, and to produce marked refinement of the parent g grain size. An
average grain size of 2.4 ym was obtained and both coarse and fine X-pliase precipitates were
suppressed. Using DSC thermal cycling and repeated bend tests, the transformation behaviour and
shape memory effect of melt spun ribbons was examined. A reproducible shape memory effect was
clearly shown in ribbon samples. The transformation temperatures for both forward and reverse
transformations were much lower than those of bulk material formed conventionally. However, melt
spun material which was reheated 1o 900 °C then quenched in KOH solution did not show
reproducible transformation characteristics or shape memory effect on thermal cycling, as the
martensite started to decompose by tempering rather then reverting to parent phase. By means of
TEM and SEM observations, it has been established that the X-phase precipitates formed at 900C in
the melt spun alioys adversely afTect the reversibility of the martensitic transformation.

It is concluded that the martensitic transformation and SME in this alloy are highly sensitive to the
state of X-phase precipitation.

327. Pseudoelasticity and Shape Memory Effect in Mn-18.6at.%Cu Alloy
Single Crystal
Hiroyuld Kato, H. Morishita and Sei Miura

Pseudoelasticity and shape memory effect in Mn-18.6at.%Cu alloy was examined
using a single crystal grown by Bridgman method. The analysis of the results
of dilatometric measurements leads to the assumption that through the marten-
sitic transformation a fcc single crystal becomes a twinned face centered tet-
ragonal (fct) structure, in which only one twinning system operates and the
twin-related two fct layers have an equal thickness.  This coerfiguration of fct
crystals can explain the appearance and the characteristics of three different
types of stress-strain behavior observed in tensile testings of a single crys-
talline specimen.
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328. An Investigation of the Grain Size Effects on the Corrosion Behavior of
Copper-Based Shape Memory Alloys
DN. Adnyana and S. Katili

Two Cu-Zn-Al alloys containing a small quantity of zirconlum were
chosen for the study of grain size effects on corrosion behavior
in copper-based shape memory alloys. To vary the grain size , the
two alloys were solution treated at varicus temperatures ranging
from 750°C to 900°C. At room temperature, one alloy exhibits beta
phase while the other shows martensite. Corrosion tesis were
carried out at room temperature using accelerated tests and
electrochemical measurements. The results showed ¢that the
dezincification rate on either beta phase or martensite tends to
increase with increasing grain size. However, the beta phase
showed higher dezincification rate compared to that of
martensite. The difference in the corrosion behavior ¢f the twe
31joys wiil be discussed.

329. The Effect of Constraint Aging cf Two-Way Shape Memory Effect of
Cu-Zn-Al Alloy
Ren-Der Jean, HJ. Lai and S.C. Cheuh

The two-way shape memory (TWSM) effect has been a hot topic in the development
and applications of shape memory (SMA). The amount of this effect showing on
materials, as well as its stability in thermostatic applications, has everything to do with
the training Procdute. Among some others, constraint-aging training bas been confirmed
to be an €llective training method. The experiment of this paper employed this very
method on a Cu-Zn-Al alloy of a designated composition and worked systematically to
vary the temperautre and aging time under which the TWSM effect was developed.
Experimental results are given here which shows the influence these two factors have
over the TWSM effect obtained. A look into the thermal stability of this effect bas also
been made and the result is summed up. To account for all the phenomena observed in
this experiment, and explanatory model is presented as well.

330. The Decomposition of B; Phase after Hot Extrusion of Cu-Zn-Al Shape
Memory Alloy
Svateboj Longauer, V. Spetuch, M. Longauerova, S. Sladik and K. Czach

The effect of cooling mode after hot extrusion of
Cul4,6Zn8,7A1(wtt) alloy on morphology oflphase decomposition
products arised during tempering was studied by light and electron
microscopy.It was shown that decomposition cccurs via euatectoid
reaction when extruded rods were gquenched into 20%C water
immediately after extrusion.Morphology ofo«+ », lamellar eutectoid
indicate that it could arise by discontinual precipitation.
Thickness of lamellas is about 50nm.Quite different morphology is
after slow cooling of rods in 20#C air after extrusion.During
subsequent tempering at same conditions as in former case /3,
phase decompose to gy, needlshaped and/or nodular particles ines
matrix. The particles folow orientation of martensite plates.
Most significant feature which differs from eutectoid morphology
is thickness of particles which is about 10 times higher than in
case of lamella in eutectoid.Differences have been also observed in
substructure. In water quenched case martensite plates has some
signs of shape deformation with higher dislocation density and
smaller antiphase domain dimensjons.In air coold case martensite
wae not deformed,and antiphase domains have been substantialy
larger.
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« 331. Martensitic Transformation of a Cu-Zn-Al SMA Under Thermal-
Mechanical Cycling
Shidong Wang, Jinping Zhang and Guangjun Shen

The change in morphology, crystal structure and defecte  of
martensite under thermal-machanical cycling was investigated g
detail by optical and transmission electron microscoepy. The

stress-induced martensite ¢' and irreversible dislocation debris
were observed and expected to be the reason that resulls the
degradation of the shape memory effect under thermal-machanicsl

cvcling.

332. Shape Memory Behavior of Ti-V-Al Alloys
C.Y. Lei, /.S. Lee Pak HR.P. Inoue and C Marvin Wayman

The shape memory effect of Ti-V-4A1 alloys was studied using optice!
microscopy, DSC, and tensile tests. All alloys showed @
Clausius-Clapeyron relationship between the triggering stress for
martensite formation and temperature. Metallographic observations
revealed that shape recovery is associated with the reversible
movement of the martensite-parent interfaces.

333. On the Stability of ¢ Fe-Mn-Si Martensite by Neutron Diffraction at Low

Temperatures
K. Tamarar, T. Bouraoui, Alain Lodini, G. Andre, M. Perrin and Bernard Dubois

According to the bibliography , the detection of pure ¢ martensite seems controversial and
may depend on the experimental process . It could be due to the antiferromagnetic order of g
phase. The resistivity measurements published are not clear about Neel temperature .

If Fe-30 wt % Mn-6 wt % Si, is quenched, the magnetic susceptibility yields TN = 276
K and Ms = 278K after one cycle between 200K and SOOK.

Neutron diffraction experiments were carried out on the Orphee reactor . Up to aow, only
Neel temperature was detected up to 240 K and a super lattice of y phase .

New lines also ,were obtained related to antiferromagnetic oxides . The faifure was

auributed either to the thermomechanical treatment of the cubic samples or to the inhomogenety of

the quenched bars .
New experiments are still in progress to determine if the austenite lines are alwys detected

at 1.7 K.

334. Shape Memory Effect in Fe-Mn-Cr and Fe-Mn-Si Alloys
K.Tamarat, T. Rouraoui, Laurent Buffard, E. Weynant and Bernard Dubois

Some Fe-Mn-Cr and Fe-Mn-Si shape memory alloys were studied either afier hot rolling or as
quenched after 1 hour at 1050°C under argon atmosphere.

At room temperature, X ray diffraction, electron and optical microscopy showed the presence
of v austenite and € martensite. More over the o' phase is detected inFe- 14 wt % Mn - 12 w1 % Cr:

the S.M.E. appears in this ferromagnetic sample. The electropolishing is very important.

By electrical resistivily measurements obtained from the Laboratory apparatus, clear results
concerns Fe-Mn-Si and not Fe-Cr-Mn. In Fe-Mn-Si, it seems difficult to reach the My point. For the
two alloys, transition temperatures between -50°C and + 150°C were detected by internal function
measurements.

The shape memory effect was observed in each alloy after bending : the best recovery was
obtained in Fe - 30 wt % Mn - 6 wt% Si but Fe - 20 wt % Mn - 12 wt % Cr was used to make a clip
This alloy present always a shape memory effect four years after training.
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335. Oxided Surfaces and Manganese Distribution in Fe-30 wt % Mn - 6 wt % Si
C.Keller, K. Tamarat, Laurent Buffard, E. Weynant and Bernard Dubois

As reccived Fe-30 wt % Mn - 6 wt % Si bars were spak machined at a thickness of 2 mm and
maintained at room temperature for 18 months. Initially the bar (18 x I8 mm?2) was water quenched
after maintaining 1 hour a 1100°C. X ray diffraction detected the (111), (200} ¥ lines, the (110),
(200) ' martensites lines and other compounds not well crystallised. The sample was attracted by a
magnet. The thickness was reduced to about 200 pm, and only the (111) (200) v lines and (1010),
{1011) € martensite lines appeared with the same intensity. Reducing the thickness 500 pm more, the
€ lines intensitics decrease 10 about 50 %. Local analysis with 5.E.M. indicated two layers in the
oxided sample : above, oxygen, iron and silicon were in large quantities and the under layer was
enriched in manganese. The above layer conuained amorphous compounds partially with OH bands as
detected by LR. spectroscopy. The underlayer manganese enriched would explain the appearance of
the € lines. The decrease of the lines with reducing thickness by electropolishing would be due to
either a manganese gradient or an incomplete quenching. Electron microscopy showed a small

quantity of € needies near the stacking faults. This alloy presented too many difficulties for industrial
applications.

336. The SME and HCP Martensitic Transformation in an Fe-Mn-Si-Ni-Cr Alloy
Gu Nanju, Zhang Jianxin, Wang Ruixian, Yin Fuxing, Chen Wei and Liu Qingsue

Using TEM, thc HCP mariensitic transformations in FeMnSiNiCr SMA has been studied. It was found
that the main mechanism of nuclcation for HCP-M may be the orderly overlapping of the stacking faulis;
the resolution of the perfect dislocations and the crcation of the stacking faults may occur easily ai the

boundary of annealing twin, the low—angle grain boundary and the place of which the dislocation amray pile
up at a grain boundary. ‘

Furthermore, it is advantagcous to the nuclcation for HCP—M that the dislocations, in 8 dislocation
wall, dissociate into panial dislocations and resulling in the orderly expansion of the stacking faults, and the
stacking faults could preject from a twined boundary into the annealing twin so that th- single orientation
HCP-M formed and resulting best SME.

337. NizMnGa as a New Ferromagnetic Ordered Shape Memory Alloy
V.A. Chernenko and V.V. Kokorin

It was found in present work the Heusler's ferromagnetic alloy
NieMnGa undergo the thermoelastic martensitic transformation (MT).
M _“temperature can be varied from I30 K to 293 K with respect to
the composition. The pre-martensitic state in the parent phacge
was discovered and interpreted as an intermediate phase having
crystal lattice modulated along <IIO> by the transversal displa-
cement waves with length A = 6d . In the martensitic phase )
was obtained to be 5d . MT is gggompanied by anomalies of ele-
ctric resistivity, magggtic susceptibility and elestic constants
Crys ¢’ . The volume change associated with MT was about 0,05%.
T%ls value was obtained using experimentally determined hydrosta-
tic pregsure shift of M_ and latent heat being equal 6 K/GPa and
3,8 Jg~' , respectively. The peculiaryties of electromagnetic -
- to - acoustic transformation efficiency near M_ was investiga-
ted. It was proved that Ni_MnGa possesses the shgpe menmory ef-
fect, superelasticity and gbility to generate reversion stresses.
The maximal reversible strain along axis <I00> was about 4%. The
compressgion along <IIO> at 77 K induced the strain accumulation
up to 5%. The step-like recovery of the latterstrain upon hea-
ting was observed. It was confirmed that the reversal intermar-
tensitic transformatinns take place at the temperatures corres-
ponding to the mentioned step-like recovery of the strain which
ir. turn was accompanied by :nange of magnetis properiierc,
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338. Effect of Thermo-Mechanical Treatment on Deformation- Induced y-¢
Martensitic Transformation and Shape Memory Effect in an Fe-Mn-Si-
Ni-Co Alloy

Wang X X., Wang W X. and Zhao Liancheng

It has been shown that shape memory effect in an Fe-25.6Mn-5.18i-4. INi—1.8Co(w1%)
alloy can be remarkably improved through thermo-mechanical training cycles, which
consists of the pre-straining to 3% at R.T and then anncaling at 873K for 3 minutes.
With increasing cycles, the yield stresses rapidly drop firstly and reach the minimus at Sth
cycle; with further increase in cycles the yield stresses gradually increase. The reverse
transformation temperature A; monotonously increases with cycles, while A, keeps con.
stant. The optical microstructure observation shows that the amount of ¢ martensite in-
creases with cycles. The TEM observation for a series of pre—strained and annealed spec.
imens reveals that with increasing cycles more perfect dislocations are present in the y ma-
trix. These dislocations usually do not dissociate to partial dislocations during subsequent
pre—straining. This is in sharp contrast to the first pre-strained specimen in which a large
number of stacking faults is present besides £ martensite plates. The shape memory effect
may be aflected by thermo-mechanical training cycles in two ways: one is the increase of
martensite nucleation sites by first several cycles, so that enhances the deformation in-
duced y~¢ transformation kinetics; the other is the strengthening of the ¥ matrix due to the
introduction of more dislocations when the cycles are increased.

339. Production Line of Springs of Copper-Based Shape Memory Alloys
Michel Raymond and E. Weynant

The paper describes the production line of a very special mechanism, named “Thermomarker™, using
the martensitic transformation of a shape memory alloy spring and applied to temperature control.
After a brief presentation of each point of the process, the authors will insist especially oa the effect
})f a synergy between the manufacturing ool of production and the laboratory enclosed in the
actory.

The paper will explain the kind of synergy used to Cevelop an industrial tool adapted to the high
level of performance expected from the alloy. It will exhibit the automatic furnase which can treat a
thousand springs at once, using a very repetitive cycle. The thermal treatmeat is the result of an
cxperimentation based on the industrial working tests of Thermomarkers. Graphes will show the
cffect of treament parameters on the working temperature of Thermomarkers.

340. An Application of Ti-Ni Shape Memory Alloy to Partial Dent.re
Shuichi Miyazaki, S. Fukutsuji and M. Taira

Shape memory attachments for partial dentures have been developed. These attachments enable the
partial dentures (o be easily attached to and detached from remaining tceth at room temperature,
because they become soft at a low temperature. On the other hand, they become harder and recovers
the original shape at a higher temperature so that they fix suitably * s the remaining teeth and do not
detach easily in oral cavity. These attachments have other imporant functions such as a safety valve
and a loose fitting functions. If biting force exceeds a limitat.va, the atlachments will show a large
deformation due to the martensitic transformation, playing as a safety valve. The loose fitting nature
originates from a low modulus of the alloy, the stress induced R-phase or martensitic transformation,
and the design of the attachment. With the loose (ittic.g system, the attachments will not damage the
remaining teeth even though external shocks are apolied or bone absorption occurs during a long time
use. In order 10 achieve such characteristics of the above attachments, suitable Ti-Ni alloy has been
developed by investigating the effects of composition, heat treatment and design of the attachment on
the characterisdcs. An example of chaical case using the shape memory attachment will also be
presented.
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341. Load Deformation Characteristics of TiNi Orthodontic Archwires

Rohit C.L. Sachdeva, Y. Oshida , Farrokh Farznia and Shuichi Miyazaki

Traditionally the load deformation chaacteristics of orthodontic archwires have been tested using
simple cantilever loading circumstances without multiple constrains as is the case in the mouth.
The aim of this study was to compare the load deformation characteristics of TiNi orthodontic
archwire when subject to simple cantifever loading, three point bending, five point bending with
and without multiple constraints at 0, 22°C, 37°C and 60°C. The results of this study suggest
significant variations (p.001) occur in the stresses generated by these wires when the loading
circumstances are altered. For instance, for a simple bean supported at both ends and not
constrained the maximum stress generated was 200 PSI. For a beam of similar length and from
the same batch, which was restricted at both ends, a maximum stress of 90 PSI was generated.
Also significant differences in the stress strain hysteresis for the wires under different loading
circumstances were seen. In conclusion, effective use of these wires in the mouth require
understanding of material behavior under conditions that prevail in the oral environment.

342. Characterization of Ni-Ti Orthodontic Archwires
Ren-Der Jeanand HJ laiand JJ. Lin

In orthodontic applications, the choice of archwire materials is the base for all.
Superelastic Ni-Ti shape memory alloy systems are favored over traditional materials due
to their relatively small yet stable forces and their great effectiveness. (It is generally
believed that forces which are small in magnitude and continuous in nature evoke the
optimal biolgical reaction.)  Therefore, Ni-Ti alloys demonstrating low moduli of
elasticity have been targeted for application to the field of orthodonitcs.

The aim of this article is to compare the various commercial Ni-Ti archwires. Our
studies indicate that the DSC properties of these wires can be classified into three major
categories: work-hardened, superelastic an¢ a mixed type. Currently, the DSC properties
of the archwires found on the market differ to a great extent from one brand to another.
This has caused a significant amount of confusion on the dentists’ part over which
archwire to use. Therefore, this paper also tries to address this problem by presecting
the results of our study on the thermo-mechanical properties of some of the most

commonly used archwires. A discussion of their importance and implications for clinical
applications is also included.

343. Medical and Dental Applications of Shape Memory
James Stice

344. Physical and Mechanical Properties of Cold Drawn and Heat Treated Ni-
Ti Alloy Wires

Frank Sczerzenie, D.K. Zoeckler, BK. Eckler and S.0. Mancuso

Special Metals Corporation is developing a database on the physical and mechanical properties
of Ni-Ti alloys which are used for superelastic and shape memory applications. Properties ar¢
affected by the alloy formulation, the amount of cold work and the heat treatment. Transition
temperatures as reported by Differential Scanning Calorimetry are correlated to Transition
Temperature Range determined in a thermal bath heated at a controlled rate. Springback,
stiffness and kinking resistance are correlated to superelastic strain limit, upper stress plateauy

and lower stress plateau. Tensile strength, elongation and modulus arc reported for different
alloy formulations, cold work levels and heat treatments.

345. Characteristics of Shape Memory X-Y Microstage and Necessity of

Material Improvement in SMA Actuator Application

Yasubumi Furuya, T. Teshima, K. Abe, Minoru Matsumoto and C.Marvin Wayman
Exploratory investigation of in-plane X-Y positioner was constructed using joule heated
coils fabricated from a Ni-Ti shape memory alloy (SMA). These coils work in bias with
steel coil spring, and stage movement in two directions (x, y) was achieved by varing
the current applied to the SMA coils. The coils were either fan-cooled or naturally
cooled in still air. The oscillation could be reduced to as small as 0.1 microns and
its movemenl was very smonth by using a more sensitive positioning sensor and by in-
proving the stage conirol sestem (e, magniwde of the heating current, pulse wave
form, etc.), however, improving the response speed remains a more difficult problem.

Lastly, some discussions will be done about the SMA material problems with the shape
memaory actuator application and its control.
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346. Methods to Produce a Two-Way Effect
Peter Tautzenberger, Hans-Peter Kehrer, H. Nusskern and H.H. Kocher

347. Diffusion Bonding of Copper Based Shape Memory Alloys to Steel
FA. Calvo, Jose M. Gomez de Salazar, A. Urena, F.J. Mendez, M. Aparicio
and Josep M. Guillemany

In order to achieve a massive technological application of Shape
Memory Alloys, it is necessary to find the suitable joining methods
to resolve the derivated problems of welding Shape Memory Alloys
themse%ves and with other technological materials. Taking in account
a previous researches on diffusion bonding of Shape Memory Alloys,
the authors have carried out a study of the Shape Memory Alloys-Steel
diffusjon bonding interface. Light microscopy and SEM images show the
important role of the local martensitic transformations occurred in
the bonding interface on joining processes.

348. Applications of Shape Memory
W. Van Moorleghem

349, Development of New Shape Memory Applications
A. David Johnson and John D. Busch

350. New Fabricated Shapes of NiTi Alloys
Darel Hodgson

Over the last several years, increasingly complex and sophisticated shapes
have been produced from the NiTi Shape Memory Alloys. Fabrication has
generated smaller articles, processing has controfled and enhanced many of
the mechanical properties, and secondary operations such as polishing and
electroplating have added to the final uselulness of these alloys. A number
of such NiTi products being manufactured for various commercial
applications will be displayed and described.

351. High Cycle Actuators Using Small NiTi Wires
Wayne H. Brown and Darel E. Hodgson

Small diameter wires of NiTi which have been properly processed to exhibit
long cyclic stability and significant memory strain can be used as actuators
in a wide variety of applications. Such wires from 0.025mm 0 10 0.25mm 0
have been manufactured by Dynalloy , Inc., and trademarked as FlexinolTM
These wires have been incorporated in a wide range of devices to display the
potential commercial uses for such shape memory actuation.
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. 352. Performance of the Memoalloy Splitter Using TiNi Alloy in Practical Fields
Kiyoshi Yamnauchi, T. Inaba, Minoru Nishida, K. Takashima and K. Kaneko

A newly invented static rock breaker using TiNi shape memory alloy has been propased by the
present authors at ICOMAT-89. The breaker has been produced on a commercial scale and calied
the MEMOALLOY SPLITTER. It consists of compressively prestrained TiNi rods of 15 mm in
diameter and 29 mm in length and a pair of two-layered wedge type platens of steel, and requires
10 accessory equipments other than heating apparatus. The SPLITTER is inserted into a borehole
which is drilled the rock and rock-like objects of breaking. A distance between the SPLITTER and
the borehole wall is adjusted by sliding the inner platens. After this operation, TiNi elements
recover their original length and generate the recovery force upon heating, associated with the
reverse martensitic transformation. The total breaking force of the SPLITTER is about 300 to 900
kN, depending on the number of TiNi elements used. To confirm the performance of the
SPLITTER, it has been applied to mortar and high strength concrete walls of buildings and natural
boulders in various practical fields. In all cases the objects of breaking were demolished within 5
minutes. It is concluded that the SPLITTER is not Jack in terms of performance and is possible to
control the direction of crack initiation and growth. That is, TiNi shape memory alloy has a bright
prospect and establishes its market as a solid pressure source. A large number of practical
applications is presented by table exhibitions at the conference. The performance of the SPLITTER
is also discussed as ~ompared with such conventional procedure as expansive agent.

353. The Shape Memory Effect in the Wickered Construction for Vascular Surgery
S.V. Shchukin, S.A. Pulnev, AV. Karev and N.G. Kolbasnikov

A vascular framework is worked up a cold-dra-
wing wire of TiNi. It is shown that the framework can
be used with treatment of the aneurism, stenosis succes-
sfully. The diseription of the framework constractions
and the results of clinical test for the mono- and bi-
furcationary framework 1is described.

354. TiNi Base Shape Memory Alloys and Their Applications
Ljudmila P. Fatkullina and S.V. Oleynikova

Development of materials displaying a shape memory effect (SME)
which can recover the original shape during heating is one of
the most important technical problems. Alloys based on TiNi
intermetallic conpound are of the greatest interest as they
have high strength and plastic properties and up to 8% of
completely reversed deformation. Research and Production
Amalgamation VILS has developed the technology of manufacturing
semiproducts in TiNi-base alloys with wvarious alloying
additions, known under the common name TN-alloys. At present,
we can produce 8 to 230 mm dia rods, down to 0.5 mm dia wire,
down to 0.3 mm thick sheets, tubes of different diameters and
extruded shapes in TN1, TN1K and TNM3 alloys. The applications
of parts made in these alloys are extremely diverse. They help
to solve the traditional for air~ and spacecraft technology
problem of saving the space. Folded and compactly packed
antenna, stabilizing mechanisms, solar batteries, etc. are
unfolded and moved out wunder the sclar heat after the
spacecraft being launched into the orbit. TN1K alloy tubes and
rods are used as joints and fastenings. The material is
successfully used in medicine.

355. Shape Memory Materials Stress-to-Hydraulic Pressure Transducer
Charles Whitehead

356. Shape Memory Alloy Products
Frank Sczerzenie

Special Metals Corporation has over thirty (30) years of experience in processing Ni-Ti alloys.
Qur production capabilities inciude processing from primary mehting throngh to final bar and
wire Yinizhirg. Our Process § adboratnry can supply small heats of custom alloys in bar, wirc and
plate form. Supereiastic and shape memory alloy products will be exhibited including bar wire
and strip.
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